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ABSTRACT
The Earth’s Ionosphere frequently disrupts Space to Earth communication such
as Global Navigation Satellite Systems (GNSS) and international telecommunications
critical to a modern technological world. As human society has become heavily de-
pendent on GNSS services, timely and accurate space weather characterization and
forecasts are needed. This is particularly true at mid-latitudes, such as the contigu-
ous United States (US), where population density is greatest, hence technological
interruptions most impactful. As a conducting layer, the ionosphere delays radio
signals by refraction, and in some circumstances causes wave interference due to
diffraction off density irregularities. Ionospheric refraction can be used to estimate
the path-integrated plasma density, referred to as the Total Electron Content (TEC).
Maps of TEC constructed from ground-based receiver networks provide a global and
time-dependent image of ionospheric dynamics. While refraction scales with radio-
frequency and dual-frequency GNSS receivers routinely compensate for this effect.
Radio receivers, including GNSS monitors, are being used to monitor and quantify
these effects, producing climatological maps of ionospheric irregularities. However,
vi
efforts have focused on low- and high-latitude regions as they are continuously per-
turbed by geophysical processes related to the orientation of the Earth’s magnetic
field. The region in-between has a much more nuanced space-time connection to
geomagnetic disturbances. As a consequence, no dedicated observatories are operat-
ing today at mid-latitudes. This dissertation provides a fundamental analysis of this
underexplored territory in the burgeoning field of space weather.
In this dissertation, we develop signal processing techniques to leverage data from
geodetic GNSS receivers to study ionospheric irregularities and scintillation, and their
connection to spatiotemporal variations in TEC. Newly introduced data source covers
areas of Central America and the Caribbean, contiguous US, and Alaska. We applied
these techniques initially to study the ionospheric effects of the 2017 solar eclipse
and terrestrial weather patterns. We then focused our effort on a long term study of
geomagnetic storm effects at mid-latitudes. Eight years of data have been processed
in the last solar cycle (2012-2019), and nine profound space weather events were
identified. The newly constructed maps were used in conjunction with TEC maps
to provide a critical spatial context for understanding the origin of the irregularities.
The observations revealed several types of space weather events that affected the area,
including a poleward expansion of equatorial plasma bubbles near local midnight, a
single plasma bubble expanding poleward while trailing the terminator, and a newly
observed mid-latitude phenomena we termed mid-latitude density striations. We also
discovered evidence for expansion into and coupling with processes in the near Earth
magnetosphere. All events occurred during geomagnetic storms, with an average
strength of Dst=-125 nT, and Kp=6+. The events were recorded at all seasons.
One event showing mid-latitude density striations was analyzed in greater detail
using both GNSS-derived products, and in-situ measurements of plasma parameters in
the ionosphere and conjugate magnetosphere. While the large scale TEC projection
vii
closely resembles the expected characteristics of an equatorial plasma bubble, we
observed that the electric field peaked at the density gradients instead of in the
trough, and the density irregularities lagged the trough formation by about one hour.
Morphology of TEC irregularities measured by a ground-based GNSS receiver was
compared to the first GNSS scintillation observations at mid-latitudes from 2001.
We found the large scale density structures, as well as the respective location of
scintillation, closely resemble the mid-latitude density striations. We suggest the
narrow density, and electric field perturbations were likely caused by the penetration
of a substorm-induced electric field to lower latitudes. We conclude the dissertation
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The first block of Global Positioning System (GPS) satellites were launched in the
1980s marking the beginning of an era of non-stop growth in Global Navigation
Satellite Systems (GNSS) technology and applications. GNSS has now become a
ubiquitous necessity, that has facilitated an economic benefit of >$300B dollars in
2017 alone. Additionally, it is estimated that a day of failure would incur >$1B in
losses (O’Connor et al., 2019). The primary source of errors in the GNSS service re-
sults from large-scale fluctuations in the ionospheric plasma density. Sporadic space
weather events create large horizontal density gradients and in some cases, the for-
mation of small-scale (<1 km) density irregularities, compromising the GNSS service
(positioning, velocity, timing).
Space weather impacts on satellite communications have been extensively studied
since 1930 when the so-called “spread-F” was discovered near the magnetic equator.
The advent of the space age and the subsequent advance in satellite communications
gave scientists signals of opportunity, whereby they discovered the auroral region also
had profound effects on radio-wave propagation. The mid-latitudes (30 ≤ magnetic
latitude ≤ 60) have been mostly ignored as a potential source of radio-wave propaga-
tion impairments. However, this region contains the majority of the population and
hence is the region of the biggest risk of GNSS interruption. In 2019, the importance
of the space weather specification at mid-latitudes was recognized by the National
Aeronautics and Space Administration (NASA), which fostered a Living With a Star
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(LWS) Institute (LWSI) program to assess the importance of space weather impacts
on the GNSS at mid-latitudes.
This dissertation is a direct consequence of the LWSI and will answer the following
questions:
1. How often do the mid-latitude scintillation-producing irregularities occur, and
what geophysical conditions control them?
2. How do these irregularities evolve in space and time, and what are their mani-
festations in the GPS observations?
3. What are the mechanisms producing space weather and scintillation at mid-
latitudes?
This dissertation exploits ground-based observations of space weather using pub-
licly available GNSS data. It uses publicly available in-situ spacecraft measurements
of plasma parameters to validate the GNSS data. Chapter 1 provides background
information about the geospace system, the ionosphere, radio-wave propagation in
plasmas, and the historical observations of ionospheric irregularities. Chapter 2 intro-
duces the methodology for estimating ionospheric parameters using GNSS receivers.
Chapter 3 defines the observational limits of the receivers. Chapter 4 discusses the
results of the data survey and defines nine space weather events that affected mid-
latitudes. Chapter 5 provides detailed observations and analysis of common type
space weather events at mid-latitudes. Chapter 6 describes the space weather during
the 8 September 2017 storm. Additionally, we put the observations in the context of
the first GPS scintillation observations. Chapter 7 describes a serendipitous discovery
of early morning space weather causing severe scintillation. Chapter 8 summarizes
the results and discusses the necessary future directions and implications for space
weather observations and modeling.
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1.1 The geospace system
The region of Earth’s upper atmosphere including the thermosphere, the ionosphere,
and the magnetosphere (geospace), is a coupled system bounded by the Earth’s mag-
netic field. In the geospace system, the ionosphere is an interface between the neutral
atmosphere at the lower boundary and the magnetosphere as its upper boundary.
The system dynamics are predominantly driven by the solar wind which transports
part of its energy to the magnetosphere, profoundly affecting its configuration and
dynamics.
The most extreme space weather effects occur when the interplanetary magnetic
field (IMF) is southward, where the dominant mode of energy transfer is magnetic
reconnection. The life-cycle of this interaction is illustrated in Figure 1·1. The
IMF (blue) carried by the solar wind is the crucial parameter driving the magneto-
sphere (Dungey, 1961). As it has been shown by the Sweet-Parker model of magnetic
reconnection (Parker, 1957; Sweet, 1958), a resistive diffusion region is able to occur
if two plasmas with oppositely directed magnetic fields push into each other. Later
it has been shown that the fields do not need to be exactly opposite, and that the
controlling parameter is rather the IMF clock angle Θc = arctan(By/Bz), with a
(dayside) reconnecting condition sin Θc/2 > 0 (Newell et al., 2007). When the day-
side reconnection occurs, the IMF and Earth’s magnetic field interact, create a pair
of new, open field lines (orange) dragged to the night side by the solar wind. In the
night-side, another reconnection occurs due to the converging open field lines near
the equatorial plane. The night-time reconnection spares back the area of closed field
lines (red) accelerated inward, and open field lines accelerate away from the Earth
as a part of the IMF. The closed field lines then convect sunward, around the Earth
to get back from where they originated (gray). This cycle is known as the Dungey
cycle (Dungey, 1961).
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Figure 1·1: Illustration of the Dungey cycle in the x-z plane. The
colored arrow lines denote the magnetic lines of force. Solid black lines
denote the flow direction. The grey line with arrows illustrate the flows
pattern the the equatorial (x-y) plane. Image courtesy of Roger Varney.
A central manifestation of the Dungey cycle is the imposed electrodynamics by
the ”transport” of magnetic field lines across the poles (Thayer and Semeter, 2004).
In particular, the most important ramification of the magnetic field line transport
is the two-cell convection pattern at high latitudes, whereby, the constant potential
line follows the trajectory of the line of force and the resulting electrostatic electric
field points in the dawn-to-dusk direction. While the Dungey cycle is a geospace
phenomenon, its trajectory is projected to the ionosphere, namely the ionosphere can
be viewed as the Earth’s natural sensor. The ionosphere is depicted as a thin black
shell in Figure 1·1.
1.1.1 The Ionosphere
The ionosphere is the layer of the Earth’s atmosphere that contains a high concentra-
tion of plasma. It lies above the mesosphere and extends from about 100 to 1,000 km
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Figure 1·2: Altitude profile of the ionosphere (solid lines) and neutral
the thermosphere (broken lines) on a quiet day. Colors denote different
species. Solid black line is the total electron density profile.
(60 to 600 miles) above the Earth’s surface. The ionosphere has a distinct vertical
density profile that varies as a function of solar illumination, and peaks near 300
km (the F-peak) as illustrated in Figure 1·2. The governing equation for the plasma
density ne in the ionosphere is the continuity equation
∂ne
∂t
+∇ · (nev) = P − L (1.1)
where the total change of plasma density ne moving with velocity v is equal to the
sum of production (P) and loss (L). Production (P) is dominated by the solar Ex-
treme Ultra Violet (EUV) radiation intensity (I). The production rate of individual
atmospheric species s
Ps = I(λ, µ)σsns (1.2)
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where σs is an effective ionization cross-section, ns is the species density, and the
production rate is in general a function of the radiation wavelength λ and projection
of the solar zenith angle (sza) µ = cos(sza). The cross-sections for different species
and wavelengths are tabularized (Banks and Kockarts, 1973; Schunk and Nagy, 2009).
The total production at a given time is integrated over the radiation spectrum per
species and summed over all present species.
On the contrary, the loss (L) mechanism is controlled by chemistry, with the




− k2−→ O +O
where k1 and k2 are the reaction rates, with lifetimes 1/k in an order of minutes for
the given reactions. As depicted in Figure 1·2, molecular ions are the primary species
of the bottom-side (below the F-peak) ionosphere, and because of this, chemistry
dominates this region’s dynamics. The biggest ramification being a depletion of the
bottom-side ionosphere overnight. The so-called ion β chemistry, β = k[NO+] +
k[O+2 ], is much faster than the charge exchange recombination of the O
+ (lifetime in





Dynamics of the topside ionosphere (above the F-peak) are controlled by the field-
aligned diffusion D. The F-peak is the region where the chemistry time scale 1/β and
the diffusion time scale H/D converge (H = T/(mg) is the scale height).
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1.1.2 Magnetosphere-Ionosphere coupling
The Magnetosphere-Ionosphere (M-I) coupling is usually understood as a process,
where one of either of these regions acts as a dynamo affecting the other region
by means of field-aligned mapping. In turn, the ’other’ region is re-configured and
then provides feedback to the source region. For a hypothetical step-change in solar-
wind drivers, this feedback loop would continue until the two regions converge to a
new equilibrium. Usually, the source region is the magnetosphere, where large scale
electric fields and field-aligned currents originate as a consequence of the convecting
magnetic field lines and reconnections. The electric field maps to the ionosphere
where the currents are closed, and in turn, alter the ionospheric conductance. The
change in conductance is the most important ionospheric parameter in the control of
the magnetosphere (Ridley et al., 2004). For the purpose of this thesis, we discuss the
two most prominent M-I coupling features in the sub-auroral geospace environment.
An important role in the M-I coupling plays the terrestrial ring current. The ring
current is an electrical current flowing westward, centered near the equatorial plane
at distances 10,000–60,000 km (Daglis et al., 1999). The current is carried by the
energetic ions (>1 keV) that were accelerated into the inner magnetosphere from a
region further out than the magnetosphere. In the quiescent times, the ring current
is mostly carried by protons of solar wind origin. However, during geomagnetically
disturbed times, there is an increase in the abundance of heavy ions (mostly O+),
which were of ionospheric origin. This results in a dramatic increase in the ring
current, leading to decreased magnetic field strength measured by an Earthly observer.
In turn, this decrease is a measure of the geomagnetic activity, usually longitudinally
weighted from a network of world-wide magnetometers into an index such as the
Disturbance Storm Time (Dst) or SYM/H. The latter measure of the ring current
strength is also an indicator and measure of geomagnetic storms (Gonzalez et al.,
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Figure 1·3: Illustration showing inward plasma acceleration due to
magnetic reconnection, and effective reduction of flux tube volume.
(Daglis et al., 1999)
1994).
The ring current is enhanced by night-side reconnection (responsible for sub-
storms), near magnetic midnight, when the particles on the stretch field lines are
accelerated inward into shorter filed lines with a stronger magnetic field, illustrated
in Figure 1·3. The inward acceleration is balanced by the radial (outward) electric
field (Mishin et al., 2003). The energized ions then gradient-curvature drift west-
ward toward the noon. Increased ion pressure and hence the ion pressure gradient
drive the diamagnetic (eastward) current, that closes through the ionosphere dur-
ing the storm as the region 2 current system (Liemohn et al., 2013). The resulting
outward electric field maps into the ionosphere as a poleward electric field, but at
much lower latitudes due to as the ring current inner boundary is within the plas-
masphere, thereby equatorward of the auroral oval. This electric field is referred to
a the Sub-Auroral Polarization Stream (SAPS) (Foster and Vo, 2002). Additionally,
the diamagnetic current is the source of the heating (Mishin and Burke, 2005) that
is the initial source of the top-side electron temperature increase at the ionospheric
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foot-point (Mishin and Blaunstein, 2008).
1.1.3 Storm-time Dynamics
When ground-based magnetometers measure depleted magnetic field intensity, hence
increased ring current, by at least 30 nT below the background, the event is char-
acterized as a geomagnetic storm (Gonzalez et al., 1994). A geomagnetic storm is a
period of sustained solar wind loading of the magnetosphere, enabled by favorable ori-
entation and strength of the interplanetary magnetic field (Newell et al., 2007). The
increased magnetospheric convection and nightside magnetospheric dynamics foster
the development of the ring current as introduced in the previous section. The latter
leads to the two prominent geospace features which mark a significant perturbation
in the sub-auroral ionosphere by magnetosphere-ionosphere coupling.
Plasmaspheric drainage plume
The plasmasphere is a toroidal shell of cold plasma (temperature ≤ 1 eV≈11,600 K)
bound within the closed field lines, that mostly consists of H+. The principal shape
of the plasmasphere is an eccentric bubble, with a bulge at the dusk local time. The
bulge is an anomaly due to adjacent opposing flows: eastward closer to the Earth due
to the co-rotation electric field (Vickers, 1976), and sunward (westward at dusk) due
to convection electric field enabled by the Dungey cycle. The resulting steady-state
flow lines for the two values of the convection electric field are depicted in Figure 1·4a.
The outermost closed flow line is also known at the Alfvén layer and is defined as the
separatrix between the two sets of drift trajectories. This is also the region where
the plasmasphere typically terminates at a sharp outer boundary, which we refer to
as the plasmapause (Wolf et al., 2007). The image in Figure 1·4b shows the interim
steps (in hours) between the steady-state contours of the left panel. The steps show
the plum’s transient across the geospace as a consequence of an abrupt increase in
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Figure 1·4: (a) Flow lines in the geospace system. Closed field lines
are within the plasmasphere and point eastward, open filed lines are
convection flows pointing sunward. The last closed field line is the
Alfven layer, shown for two convection electric field strengths. (b)
Illustration showing the plasmapause location for selected times (in
hours) after the convection electric field was suddenly increase by a
factor of 2 from initial steady state value. (Grebowsky, 1970)
the convection electric field (Grebowsky, 1970). The illustration depicts azimuthal
transition and radial expansion of the dusk-bulge towards the local noon. The time
scale of reaching a new equilibrium may be as long as 15-20 hours (Grebowsky, 1970).
Strong radial and sunward expansion of the dusk bulge produces the feature known
as the plasmaspheric drainage plume (Foster et al., 2020).
The drainage plume has important consequences on the entire geospace region.
When the plume reaches the magnetopause, it affects the day-side reconnection due
to increased density within the plume (Borovsky and Denton, 2006; Walsh et al.,
2014). This in turn affects the solar wind-magnetosphere coupling and the Dungey
cycle. On the other hand, the whole transport of geospace plasma is projected to the
ionosphere. There, the storm-time dusk local time region exhibits an increase in the
plasma density with a base at mid-latitudes. Further, an elongated plume extends
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Figure 1·5: Observations of the geospace plume in the ionosphere
and plasmasphere during 11 April 2001 storm (Foster et al., 2004). (a)
Map of TEC field-aligned mapped to the equatorial plane. sun is to the
right, dusk to the top. (c) He+ airglow observation of the plasmaspheric
density from IMAGE satellite. Here sun is to the left, and duck to the
bottom.
from the elevated mid-latitude plasma region basin, pointing sunward and poleward
toward the cusp region. The first measurements and qualitative analysis of this
phenomena were made by the Millstone Hill Incoherent Scatter Radar (ISR) (Foster,
1993). The authors coined terms the Storm Enhanced Density (SED) for the increased
mid-latitude plasma density region and the SED plume for its poleward-sunward
extension. Radar measurements show increased sunward and the upward flow of
ionospheric plasma with flux in an order of 1014 m−2s−1.
Contemporary measurements of the plasmasphere with the IMAGE satellite and
large scale maps of Total Electron Content (TEC) from global GPS receivers directly
confirmed that the ionospheric SED and SED plume are just a projection of geospace
plasma transport from dusk to noon. Figure 1·5 shows the observations of April 11,
2001 storm. Panel a shown the TEC map over the United States, revealing a plume of
dense plasma pointing towards noon, out of the high-density base. The panel b shows
the TEC map, mapped to the equatorial plane where the sun is to the right and dusk
to the top of the figure. Lastly, the image of He+ airglow within the plasmasphere is
depicted in panel c, where the sun is to the left and dusk at the bottom. The observa-
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tions, therefore, show a life cycle of a prominent M-I coupling phenomenon, initiated
by the increased convection electric filed, dragging ionospheric plasma outward and
sunward toward the magnetopause affecting the dayside reconnection (Foster et al.,
2020).
Sub-Auroral Polarization Stream
A second prominent manifestation of the storm-time M-I coupling at sub-auroral
latitudes is the Sub-Auroral Polarization Stream (SAPS). The radial electric field
develops at the ring-current inward boundary with a ∼10 minute time lag to the
substorm injection (Mishin, 2016). As the ring current lies within the plasmasphere,
the SAPS electric field is distinctly separated from the convection electric field, which
at dusk local-time points in the same direction (dawn-dusk). The SAPS is normally
located in the dusk-to-midnight local time sector, as the ring current predominately
drift westward from the location of injection (near midnight) (Mishin et al., 2017).
The outward electric field maps down the field-lines, creating a poleward ionospheric
electric field that drives a westward (sunward) flow. Typical width of the SAPS is
∼5◦MLAT (Foster and Vo, 2002). Additionally, the storm time ring current plays
an important role in closing the Field-Aligned Current (FAC), via the diamagnetic
current at the pressure gradients. These field-aligned currents (FAC) are closing
through the ionosphere as the region 2 (downward) current system.
The poleward electric field in the ionosphere drives westward E × B/|B|2 flow,
which advects the plasma away from the source and increases the recombination rate
due to increased collisions with neutrals (Schunk et al., 1976; Mishin et al., 2004). The
fact that the SAPS lies in the night-side ionosphere further enhancing local plasma
recombination, and attendant changes in conductance. As the SAPS is associated
with the FAC, a decrease of conductance yields to increase in (polarization) electric
field in order to maintain the current system. The locally increased electric field
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Figure 1·6: (a) Schematic illustration of electrodynamics associated
with the SAPS as a function of magnetic latitude. (top-to-bottom)
Currents, conductance, electric field. (b) Measurements taken from the
DE-2 satellite showing the mutual relationship of the plasma parame-
ters with the electron precipitation region. (Anderson et al., 1993)
further increases the drift speed, hence the positive feedback is established. In-situ
measurements and the mechanism are illustrated in Figure 1·6.
The predominant ionospheric feature of the SAPS is the mid-latitude trough. A
longitudinally elongated plasma depletion, carved by the SAPS electric field. Space-
craft measurement of the mid-latitude trough is depicted in Figure 1·6b, where the
poleward boundary is steep as it borders with the electron precipitation region. The
equatorward boundary on the other hand is more subtle and denotes the ionospheric
projection of the plasmapause (Yizengaw and Moldwin, 2005). Nevertheless, the
equatorward boundary, hereafter referred to as the Trough Equatorward Boundary
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(TEB), resides at lower latitudes, therefore it affects a greater number of GNSS users.
In particular, the TEB gradients routinely exceed 10 TECu/degree latitude (∼0.1
TECu/km), whereas the gradient exceeds 50 TECu/deg during major storms (Vo
and Foster, 2001). Furthermore, the mid-latitude trough becomes highly structured
during substorm onsets, due to an instability residing at the plasmapause/ring cur-
rent, termed as SAPS Wave Structures (SAPSWS) (Mishin, 2013).
1.2 Ionospheric irregularities
A source of free energy or externally applied perturbation is able to structure the
ionospheric plasma density in a coherent or amorphous manner. Examples of exter-
nally applied perturbations include particle precipitation, the perturbed electric field
in the SAPSWS, and Gravity Waves (GWs) originating in the lower atmosphere. The
ionospheric plasma could become unstable in certain conditions if free energy is in the
system. Usually, the free energy is either the electric field or thermal energy. In this
dissertation, we define an ionospheric irregularity as a spatial density structure whose
height-integrated perturbation is large enough to be measured by a GNSS receiver.
In terms of space weather effects on the GNSS service, the most pronounced impact
is imposed by irregularities with spatial scales <1 km and big absolute perturbations.
Even irregularities with scales >100 km and density perturbations in order of 1%
of the TEC, affect certain aspects of precise positioning (Timote et al., 2020). The
latter irregularities, characterized by coherent >100 km horizontal wavelengths will
be referred to as Traveling Ionospheric Disturbances (TIDs).
The spatial scales and intensity of the externally imposed irregularities normally
directly map to the ionosphere. Conversely, in-situ instabilities develop dynamically
with scales and intensities depending on the orientation of the magnetic field, mu-
tual geometry of the governing parameters, and the amount of free energy available.
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Considering the scope of this thesis, we introduce a handful of the most significant
candidates. The mid-latitude trough is the most profound dynamic density feature
of the mid-latitudes. It consists of large electric fields, density gradients, and temper-
ature gradients. Hence, the Gradient Drift Instability (GDI), and the Temperature
Drift Instability (TGI) have both been proposed as the main destabilizing mecha-
nisms (Keskinen et al., 2004; Mishin and Blaunstein, 2008). The GDI is a predomi-
nant instability at higher latitudes, that has been shown to produce turbulent decay
from the initial length scale with a 1D slope p≈-2 (Keskinen, 1984; Gondarenko and
Guzdar, 2004). However, the GDI requires that the dot product [E×B] ·∇ne > 0. In
the vicinity of the though, the gradient at the TEB∇ne is pointing poleward, whereas
the E ×B drift is westward, hence the geometric conditions are not in favor of the
GDI. A model of the trough instabilities rather shows the TGI as a predominant
source, whereas the GDI develops only if the zonal electric field is present (Keskinen
et al., 2004).
The other instability mechanism frequently observed in the mid-latitude iono-
sphere is the Perkins instability (Perkins, 1973; Hamza, 1999). The mid-latitude
region is unstable to the Perkins waves in the presence of the poleward electric field
of eastward neutral wind. This instability is still a subject of continuous debate,
as theoretical work lags the observations and still cannot reproduce the observed
growth rates (Kelley, 2011). The instability produces waves in a particular northwest-
southeast (northern hemisphere) direction, whereby the waves propagate in a direc-
tion perpendicular to the elongation – to the southwest in northern hemisphere. The
waves are “electrified” (Fukao et al., 2003) and hence magnetically conjugate (Ot-
suka et al., 2004). While the instability is fundamentally different from the others,
as it grows due to the lack of damping in the preferred “Perkins direction” (Kelley,
2011). Because of this, additional couplings have been investigated, such as produc-
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Figure 1·7: Model of the EPB in three dimensions. Altitude vs lon-
gitude plane is shared among both panels. Left panel shows how the
bubble advects down the field line to higher latitudes. Right panel show
longitudinal distribution of the EPB at 300 km altitude. (Yokoyama
et al., 2014)
tion by in-situ generated GWs (Vadas et al., 2003) and coupling between E- and
F-region instabilities (Cosgrove et al., 2004). Regardless of the detailed production
mechanism, the resulting F-region waves have predominant scales ∼500 km, phase
velocities 50-150 m/s, and electric fields of ∼5 mV/m (Kelley, 2011).
Lastly, the most important ionospheric instability affecting radio signals is the
Rayleigh-Taylor Instability (RTI). It was observed near the magnetic equator in
1930s (Booker and Wells, 1938), as a phenomenon that spreads the frequency of
reflected waves off the F-region; hence the name “spread-F”. The RTI is unstable (in
the linear regime) when the E×B drift exceeds the gravitational pull at the equator,
having an initial density perturbation ∂ne/∂z (z pointing up). It grows in the region
of a positive vertical gradient. The depletion (”bubble”) from lower altitudes then
penetrates upward in the region of the denser plasma. The depletion can penetrate
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beyond the F-peak into the region of the negative background gradient, if the inter-
nal structure develops secondary gradients, via the polarization electric field (Abdu,
2012). A plethora of nonlinear secondary instabilities arises as a consequence of this
polarization electric field (Ossakow, 1981). As a consequence of this instability, highly
structured “bubbles” rise to higher altitudes and then advect down the field line by
the gravitational pull, reaching the latitudes of the Equatorial Ionization Anomaly
(EIA). An example of fully evolved EPB in three dimensions is depicted in Figure 1·7.





where g is the gravitational pull, νin is the ion-neutral collision frequency, and I is the
inclination angle of the magnetic field. The bubbles develop at the equator, where
the dot product of the vertical gradient and the E × B direction is unity, and the
electric field is the strongest. Hence the name Equatorial Plasma Bubble (EPB).
The bubble rises up until the critical altitude, where the densities just inside and
outside the bubble are equal (Mendillo et al., 2005; Krall et al., 2010). Secondary
instability mechanisms within the developing bubbles cause irregularities to form at
scales ranging from hundreds of kilometers down to a few meters, which manifests as
a power spectrum with slope p≈2 (Ossakow, 1981; Hysell, 2000).
Despite the fact the EPB originates at the magnetic equator and spreads within
the EIA crests, there exist reports of episodic EPB expansion to higher latitudes (Ma
and Maruyama, 2006; Martinis et al., 2015). These events occurred during geo-
magnetic storms, where the magnetospheric dynamo penetrates to the equator and
hence elevate the E × B drift. It has been shown that ∼10% of the interplanetary
electric field directly penetrate to the equator with eastward orientation if the IMF
southward (Huang et al., 2007b). Additionally, a sudden increase in magnetospheric
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activity, measured by elevating Auroral Electrojet (AE) current index or by a sudden
decrease in the Dst, leaks the convection electric field to low latitudes due to under
shielding (Kikuchi et al., 2010; Abdu, 2012). The under shielding has a time constant
of ∼10s of minutes to hours (Huang et al., 2005). All contributions constructively add
up to an already elevated zonal (eastward) electric field at sunset terminator (Fejer
and Scherliess, 1997), fostering a faster RTI growth rate.
1.3 Electromagnetic properties of the ionospheric plasma
Radio wave propagation through a medium is governed by its electrical properties
described with the index of refraction n. In the ionospheric plasma, the index of
refraction is defined by the Appleton-Hartree formulae
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where coefficients X, Y, and Z are contributions by electron plasma frequency oscil-
lation ωp, gyrofrequency oscillation Ωe, and collision frequency ν, respectively. ΘB
is the between the radio-wave propagation direction (k̂) and the geomagnetic field
orientation (B̂). The ± sign distinguish between the ordinary and extraordinary












where ω = 2πf is the radio-wave frequency. We consider the individual term contri-
butions to the frequency band f ≈ 109 Hz. The typical values of plasma oscillations
are: ωp ≈ 2π107, ΩB ≈ 2π106, and ν ≈ 2π105. For all the practical applications
in this frequency band, we disregard the contributions by the gyrofrequency and the










is small (in the order off 10−2), we invoke the relation
√
1− x ≈





It has been shown, that all these simplifications account for fewer than ∼5 cm error
at the primary GPS frequency f1=1575.42 MHz (Morton et al., 2009; Kashcheyev
et al., 2012). Considering the derived index of refraction n =
√
er, where εr is the
dielectric constant, we insert it the result in the Ampere’s Law
curlB = jωµ0ε0εrE (1.7)










with c0 the speed of light. Phase vph = ω/k, and group vg = dω/dk velocities are





















the results show that the phase velocity in the ionospheric plasma always exceeds
the speed of light, whereas the group velocity is always lower than the c0. In GNSS,
this distinction is important, as the speed of the radio-wave carrier propagates with
the vph, and the navigation message with spreading code propagates with the group
velocity.






where the ne is electron plasma density, e is the elementary charge constant, ε0 the
dielectric constant of the vacuum, and me the mass on the electron. As the electron
density of the ionosphere is a function of space and time, the resulting index of
refraction n also depends on the position r, time t, and frequency of the radio-wave
f as






1.4 Propagation through the plasma
Total phase Φ of a radio-wave measured by the phase (pseudo-range), traversing













where R is the geometric distance between the receiver and a satellite pair, and the
integral encompasses the total contribution of the line-of-sight plasma density along
the path l. Here (+) applies to signals propagating at group velocity vgr < c0, and
(−) to the propagation of carrier at phase velocity vph > c0. This line of sight integral
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measured in units of electrons per m2 along the line-of-sight.
The absorption of the ionosphere is dictated by the collision frequency ν, with
the biggest contribution from the ionospheric D-region. The absorption at the GNSS
frequencies is negligible for all reasonable circumstances. Hence, the intensity of the
signal I = u · u∗ (u being the complex amplitude), is dominated by the free-space
path attenuation Afree expressed in dB






The resulting expressions for the signal attenuation, and phase are thus fully
deterministic, and depend only on the ionospheric electron density ne, and the range
R between the receiver and the satellite.
1.4.1 Propagation through ionospheric irregularities
We have shown that the signal’s phase of the radio-wave traversing the ionosphere is
deterministic and that the ionosphere does not absorb an appreciable amount of the
signal’s energy. The derivations in the previous section assume the index of refraction
within the ionosphere is smooth and slowly varying. This assumption is valid for most
of the time at the GNSS frequencies. However, as we discussed in the introductory
sections, rapid fluctuations in amplitude, that is the scintillations, do occur and are
the dominant space weather impact on the GNSS service.
In this section, we derive the origin of the scintillation in the electric field E
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propagating in space r = (x, y, z) described by the wave equation
∇2E(r) + k2n2E(r) = 0 (1.16)
where k is the radio-wave’s wave number and the radio-wave is propagating in +z











Let’s assume the solution to the wave equation take a form of a plane wave
E(r) = u(r)e−jkz (1.18)
Now, we assume the index of refraction n =
√
εr takes a form of n = n0 + n1, where
the average < n0 >= 1, and n1  n0. Similarly, we write the complex amplitude
u = u0 + u1 where u1  u0. Then the wave equation for the complex amplitude
perturbation u1 can be written as
∇2u1(r) + k2u1(r) + 2k2ε1u0 = 0 (1.19)
where all higher-order terms (n21, n1u1) were neglected. We break down the Laplacian










where we disregard the first term on the right-hand side due to |∂2u
∂z2
|  |k ∂u
∂z
|, namely
















. We are left with the two equa-
tions, where the first describes radio-wave propagation within the irregularity slab of
thickness L with ε1 6=0, and the second describes the wave propagation after exiting
the irregularity slab where ε1 =0.
The initial condition for the equation 1.22 is a solution to the first equation at
z=L. In further discussion, we exploit approximation where no diffraction takes place
within the slab, hence a total phase perturbation at z=L ΦT is integrated phase







where ρ = (x, y) is a position vector in the plane perpendicular to the propagation.
And the integral on the right-hand side has been defined in equation 1.13. A solution
to the wave equation 1.22 for z > L is the Fresnel integral











which is valid for z  λ, z  ρ, and ρ  λ. Here, the phase term in front of
the integral denotes the phase of a direct wave. The first term under the integral
e−jkΦT (ρ
′) is the total phase delay/advance imposed by the irregularity slab, whereas
the second term is the refracted contribution due to the irregular phase exiting the
screen, integrated overall phase perturbations in the screen plane ρ′.
Now, we write the complex amplitude as u1 = A1e
jΨ (Wernik and Liu, 1974),
where
Ψ = A+ jP (1.25)
where A is amplitude, and P phase departure from the direct wave. Then, lnu1 =
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lnA1 + jP1. The resulting first order perturbations are
lnu1 = lnu− lnu0 (1.26)
lnu1 = ln (A/A0) + j(P − P0) = χ+ jP1 (1.27)
The resulting parameters are log-amplitude perturbation χ, and the scattered phase
departure P1. Now, we rewrite the Fresnel integral solution in equation 1.24 for



























Upon integration and Fourier transform the result to obtain the power spectral den-
sities of the scattered field (Φχ,ΦP1), ρ is replaced with k⊥ = (kx, ky) and |k⊥| =√
k2x + k
2
y. The resulting spectra was obtained by (Salpeter, 1967)














where ΦΦT (k⊥, 0) is the power spectral density of the ΦT (ρ) The chief ramification of
the resulting spectra is the spatial filtering operators that depend on k, k⊥, and z. The










domain 1/k⊥0 = rF =
√
2λz, hereafter referred to as the Fresnel scale (rF ). In the
case of the GPS L1 signal, the rF ≈365 m, at z=350 km. Conversely, the argument is
approaching zero for |k⊥| → 0, that is, when irregularity’s wavelengths are increasing.
In practical terms, this means the longer irregularities do not bend the phase at a big
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enough angle (with respect to the z-axis) to cause interference at a distance z. On






, approaches zero at the Fresnel scale, and converges to unity for larger
scales. Namely, diffraction scales notch filter the phase perturbations, rather than in
the small-angle scattering approximation.
An alternative computation in the weak scattering regime (Ψ = Ψ0 + Ψ1) is a
consideration of the irregularities in 3D within the irregularity slab. In that case, ad-
ditional integration along z-axes is necessary to encompass the neglected term (k2ε1u0)
in the wave equation. The Rytov solution for Ψ1 is obtained (Tatarski, 1961; Wernik





















The obtained filtering functions converge toward the phase screen solution for
L → 0 (Yeh and Liu, 1982; Bhattacharyya et al., 1992). It has been shown that
for the ratios in trans-ionospheric propagation z  k, z  L, and k⊥  k, phase
screen theory is an adequate approach as the deviations in resulting field perturba-
tions are small (Booker et al., 1985). Namely, the predicted perturbations converge
at distances z > 10L. In fact, the phase screen approximation is used for all oper-
ational ionospheric scintillation models, including the empirical wide-band model of
scintillation (WBMOD) (Secan et al., 1995; Secan et al., 1997), and physics-based
models: PBMOD (Retterer, 2005; Retterer, 2010), SIGMA (Deshpande et al., 2014),
and MPS (Béniguel, 2002) which is recommended by the ITU-R (P.531-14, 2019).
The resulting spatial filters are depicted in Figure 1·8. The filters are periodic, with
many local extrema at spatial scales shorter then the Fresnel scale
√
2λz, however,
their contribution to perturbations is suppressed by low energy held in small scale
irregularities. The latter assumption is valid if the irregularity spectra follows the
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Figure 1·8: Phase screen filters for phase perturbations (blue) and
intensity perturbations (red). (a) Amplitude response of the filters a
function of irregularity wavenumber k⊥, and irregularity wavelength Λ.
(b) The filters applied to the irregularity power spectra Φ∆N with a
power law slope p=-2.8.
power law, which is true for all known ionospheric irregularities that affect GNSS sig-
nals. Most common sources of radio signal fluctuations come from the low-latitudes,
where 2D irregularity spectra most frequently follow the power law with slope p=-
2.8 (Béniguel et al., 2009). Figure 1·8b shows the resulting spectra of filtered intensity
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and phase perturbations by the p=-2.8 irregularity spectra.
We show influence of the irregularity slope p in Figure 1·9. We took slopes from
low-latitude (panel a) and high-latitude (panel b) surveys, and compare the resulting
intensity fluctuation spectra (panel c). At lower slopes, most of the energy comes
from the irregularities near the peak at the Fresnel scale, however, at higher slopes
contribution from longer scale becomes noteworthy due to much higher energy of the
irregularities. At that limit, phase screen approximation becomes invalid and thor-
ough treatment of irregularity layer is necessary (Carrano and Rino, 2016), as the
higher order perturbations become important. Due to the instrumental limitations
and the geophysical area of interest covered in this work, the weak scatter approxi-
mation suffices.
Throughout the work, we refer to scintillation as an observational manifestation
of diffraction, measured by carrier-to-noise ratio (CNR).
1.5 Morphology of ionospheric scintillation
The ionosphere alters traversing radio-waves by means of a phase delay/advance im-
posed by ionospheric density irregularities. These effects are important for radio-
waves at frequencies <3 GHz (P.531-14, 2019). The first technical aspect of iono-
spheric irregularities was observed at the King’s Observatory in Richmond Park, Lon-
don, by a radio telescope observing radio noise from the Cygnus direction (Hey et al.,
1946). They reported a short period (order 1 minute) fluctuations in background
noise power. A few years later, it was shown that an irregular layer of ionospheric
plasma density could lead to interference between signal propagating away from the
layer. The phenomenon is known as the Fresnel diffraction, where the exiting signal’s
intensity spectrum (in the plane perpendicular to the propagation direction) preserves
the spectrum (auto-correlation function) of the irregularity layer itself (Booker et al.,
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Figure 1·9: Typical irregularity slopes at the two most common
scintillation regions. (a) A histogram of intensity slopes at low-
latitudes (Béniguel et al., 2009). (b) A histogram of measured intensity
slopes at high-latitudes (Jayachandran et al., 2017). (c) Intensity fluc-
tuations in the phase screen approximation for three at slope values.
1950). The diffraction occurs only under specific geometric criteria, depending on the
frequency of the radio wave (f), the distance between the irregularity screen and the
observer (Z), and the size of irregularities. Only irregularities near the Fresnel scale
rF =
√
2λZ contribute to the diffraction (Rino, 1979; Yeh and Liu, 1982).
The advent of the space age gave rise to an unprecedented ability to utilize Space-
Earth communication links as well as dedicated scientific experiments for the ad-
vancement of ionospheric scintillation science. First, Very High Frequency (VHF)
links from low earth orbiting (LEO) satellites were utilized to study ”ionospheric
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scintillation clouds” associated with auroral precipitation at high latitudes (Kent,
1959; Aarons et al., 1963; Aarons et al., 1964; Aarons et al., 1969). Later, ground-
based infrastructure and radio propagation experiments at low-latitudes were carried
out to probe the most prominent irregularity formation due to the Rayleigh-Taylor
Instability (Booker and Wells, 1938). The first scintillation Observational and statis-
tical studies (Sinclair and Kelleher, 1969; Basu et al., 1976; Aarons, 1977), outlined
the local time, and latitudinal dependence on the geophysical drivers and seasons.
The VHF wide-band satellite links were later used to define the now standardized
scintillation indices: σφ for phase, and S4 for amplitude scintillation (Fremouw et al.,
1978). These data were also used to validate scintillation theories (Rufenach, 1975;
Rino, 1979), and the creation of global maps of scintillation morphology (Aarons,
1982). Low Earth-orbiting Satellite VHF transmitters are still a valuable asset, re-
cently represented by the Coherent Electromagnetic Radio Tomography (CERTO)
module (Bernhardt et al., 2006; Siefring et al., 2015).
In the late 80s and early 90s, the rise of the GPS became a catalyst to explore
scintillation characteristics at L-band frequencies (1–2 GHz). Geostationary satellites
were exploited to study scintillation effects, leading to the construction of global maps
of expected amplitude and phase scintillation impacts (Basu et al., 1988; Aarons and
Basu, 1994).
The map of expected L-band scintillation composed from five continuously oper-
ating receivers in a period of 8 years (Basu et al., 1988) is still a benchmark for GPS
scintillation morphology. This map was also adopted by the International Telecommu-
nications Union (ITU) recommendation for satellite radio link design (P.531-14, 2019).
The expected fading at L-band is Figure 1·10, which depicts two regions of prevalent
scintillation occurrence. The low-latitude region, with predominant local time and
solar activity dependence (the EPB), and high-latitude region confined within the
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Figure 1·10: Global variation of scintillation fades during solar max-
imum and solar minimum (Basu et al., 1988).
auroral oval with significantly smaller amplitude fading. Another important result
deduced from the Figure 1·10 is that there is no space weather expected to affect
radio-waves in the region between the low-latitudes and the auroral region. A more
thorough survey of individual observations (Aarons, 1982), however, pointed out that
a storm-time expansion of auroral oval to mid-latitudes could promote sub-auroral
irregularity development associated with the mid-latitude trough. While the illustra-
tion in Figure 1·10 is still the benchmark, the survey did not include any observations
from mid-latitudes (two receivers from low- and three from high-latitudes)!
The science community was exploiting inherent multi-frequency GPS operation,
utilized to estimate the line-of-sight integrated plasma density, hereafter referred to
as total electron content (TEC). The TEC was the dominant diagnostic vehicle in the
early works (Coster et al., 1992; Pi et al., 1997; Coster et al., 2001; Coster et al., 2003).
Specifically, the temporal variance of differentiated TEC, the Rate of TEC change
index (ROTI), has been proposed as a measure of global irregularities (Pi et al.,
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1997; Basu et al., 1999), and this index is still widely used today (Cherniak et al.,
2018). On the other hand, early GPS scintillation research focused on the receiver-
side development of resilient architecture to scintillation effects. In parallel, research
on the specification and the development of dedicated GPS ionospheric scintillation
monitors took place (Van-Dierendonck et al., 1993; Van Dierendonck, 1999). As a
consequence of historical surveys, such as the one presented in Figure 1·10, most
GPS based studies of ionospheric scintillation campaigns took place at low- and high-
latitudes. Scintillation signal processing has been adopted from the historical works
with the VHF data (Fremouw et al., 1978). Due to the sampling requirements set to
∼50 Hz (Van-Dierendonck et al., 1993; Van Dierendonck, 1999; Beach and Kintner,
1999; Forte and Radicella, 2002), there was limited availability of adequate receiver
hardware. On the other hand, the ROTI approach utilized 30-second resolution data,
measuring larger irregularities that do not produce scintillation (Pi et al., 1997),
however, a considerably larger amount of data was available.
GPS scintillation results from low-latitudes followed the results obtained by ear-
lier statistical studies (Beach and Kintner, 1999; Doherty et al., 2003; Kintner et al.,
2001) with a crucial advantage, the scintillation could be now compared to the TEC
fluctuations. Meanwhile, the high-latitude exploration of GPS scintillation yielded
suspicious results measuring ”phase-without amplitude scintillation” (Doherty et al.,
2003). This paradigm is still in use today (Alfonsi et al., 2011; Jiao and Morton, 2015).
The latter phenomenon is due to the fact the measurements undergo high-pass fil-
tering at a fixed frequency cutoff of 0.1 Hz (Fremouw et al., 1978; Van-Dierendonck
et al., 1993), while the effective scintillation frequency at a receiver is a function of
irregularity drift (Ghobadi et al., 2020). As the usual effective drift (drift of irregular-
ities against the drift of the receiver link) varies with latitude, and the satellite link is
much slower for the GPS compared to the LEO satellites, the measured fluctuations
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vary with latitude (Forte and Radicella, 2002). We dedicate a whole chapter to this
problem (Chapter 3).
Especially in the last decade, GPS (and recently other GNSS) signals became the
standard for ionospheric scintillation science, leveraging the ubiquity of the GNSS
coverage and the multi-purpose utility of receivers. Continuously operating networks
of ionospheric GNSS monitors have been deployed, and are utilized for scintillation
nowcasting and climatology. However, based on the historical surveys, today all scin-
tillation networks are deployed at low- (Carrano and Groves, 2006; Béniguel et al.,
2009; Jiao and Morton, 2015; de Oliveira Moraes et al., 2017) or high-latitudes (Jay-
achandran et al., 2009; Alfonsi et al., 2011; van der Meeren et al., 2015). Therefore,
the current state of the scintillation science operates with statistics biased to the
specific geographic regions.
1.6 Problem definition
Historical surveys (Aarons, 1982; Basu et al., 1988; Kintner et al., 2007; Priyadarshi,
2015), satellite link recommendation (P.531-14, 2019), and global-wide deployment
of scintillation receivers entirely ignored mid-latitudes. Isolated observational sur-
veys (Aarons, 1982; Kintner et al., 2007) mention the mid-latitude ionosphere as a
possible threat to scintillation during geomagnetically active periods, in an area con-
fined to the mid-latitude trough. Moreover, scintillation models, both empirical (Se-
can et al., 1995; Secan et al., 1997) and first principles (Béniguel, 2002; Retterer, 2005;
Retterer, 2010) do not consider the mid-latitude ionosphere as a plausible source of
scintillation.
1.6.1 Historical observations of plasma irregularities at mid-latitudes
A more detailed scan through historical literature, however, reveals the mid-latitudes
are not as boring as one would have implied from the reported scintillation statistics.
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Figure 1·11: (a) Measurements of in-situ plasma (1,400 km altitude)
taken from the ISIS-2 satellite during the August 1972 storm. (b) Illus-
tration of secondary trough region as a function of magnetic altitude
along the spacecraft orbit. Figures courtesy of (Brace et al., 1974)
Further, the space weather impact does not necessarily scale with geophysical drivers.
We shall examine a handful of the most intriguing historical observations herein.
First, we examine observations of the August 1972 storm. During this storm,
the Kp reached level 9, and the Dst≈-125 nT (Knipp et al., 2018). The storm has
been called a failed “Carrington-type” event (Gonzalez et al., 2011). Regardless
of the low-value ring current enhancement, the storm has been treated as a super-
storm (Bell et al., 1997). We re-examine the topside measurements taken by the
ISIS-2 spacecraft (Brace et al., 1974). The crucial measurements are summarized
in Figure 1·11a. The ion density track measured a sequence of density troughs; the
mid-latitude troughs marked as “plasmapause”, a density depletion near the equator
with a data gap, and another depletion is observed to be located in-between. The
latter trough was distinctly separated from the one at the magnetic equator, as well
as from the main mid-latitude trough (“plasmapause”). They termed this depletion
a low-latitude trough, as they sketched it in Figure 1·11b. Note the measurements
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were taken near geographic longitude 65◦W.
Similar low-latitude plasma depletions were measured by the Defense Meteorolog-
ical Satellite Program (DMSP) spacecraft during March 1989 superstorm (Greenspan
et al., 1991). A sequence of several spacecraft revealed the local time dependence of
the position and depth of the low-latitude trough (”they named it “equatorial hole”).
In addition to the density profiles, DMSP measured the ion drift vector, showing a
general trend of plasma upflow, and sub-co-rotation velocity. The measurements were
taken during a superstorm with Dst≈-600 nT (Boteler, 2019). The measurements of
the low-latitude trough were taken near 100◦W longitude, in pre-midnight (2–4 UT)
local time. The authors suggested that the vicinity of the SAA could play an im-
portant role in the polarization electric field enhancement and thus increase in the
transport of plasma away from the equator.
Another observation of distinct plasma depletion at mid-latitudes was reported
for the November 1993 storm (Foster and Rich, 1998). DMSP measurements pro-
vided evidence for density, temperature, and ion drift perturbations over the CONUS
longitude sector. In addition, the Millstone Hill ISR measured vertical density profile
underneath the DMSP track. The measurements are summarized in Figure 1·12. A
distinct plasma depletion with embedded irregularities was measured near 35◦MLAT,
associated with an ion upflow and westward flow. The vertical density profile shows
an elevated F-peak exceeding the altitude of ∼600 km, indicative of eastward electric
field. Lastly, a high cadence scintillation meter onboard DMSP was utilized to com-
pute the power density spectra of the mid-latitude irregularities. The authors found
irregularities extended down to at least 600 m, with a slope of p≈-1.5.
More recent in-situ observations of storm-time mid-latitude density troughs with
irregularities were made during a storm of July 2000 (Lin et al., 2007) and October
2003 (Huang et al., 2007a). Important observations were made by a GPS receiver
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Figure 1·12: DMSP (850 km altitude) and Millstone Hill radar mea-
surements taken during the 4 November 1993 storm (Foster and Rich,
1998). (a) DMSP electron density, (b) Millstone Hill radar measure-
ments of vertical electron density profile along the DMSP track. (c)
Vertical and horizontal measurements of ion drift. (d) Power spectral
density of irregularities measured near 37◦ MLAT. The spectral resolu-
tion was ∼300 m from the 24 Hz sampling frequency.
located at Cornell University, NY, during the 25-26 September 2001 storm (Ledvina
et al., 2002). Their observations are summarized in Figure 1·13. The GPS receiver
measured intense amplitude fluctuations using scintillation index S4, from several
satellites. The sky-plot map of the scintillation occurrence is depicted in panel (a),
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Figure 1·13: GPS scintillation observations from Cornell University
during 25-26 September 2001 storm. (a) Sky-plot of amplitude scintil-
lation index S4 along four most affected lines-of sight. (b) time-series
plots of the scintillation index and the TEC. Dashed lines are the base-
line TEC profiles on 19-20 September 2001. (Ledvina et al., 2002)
whereas time-series plots of the scintillation with respect to the estimated TEC are
presented in the panel b of Figure 1·13. The sky-plot shows a wide spatial spread in
the measured scintillation, as well as it shows the region of scintillation along a single
line-of-sight was confined to a relatively tight area. The time-series plots show the
scintillation was located in the area of rapid depletion, as well as in the adjacent area
of elevated density.
The September 2001 storm was intriguing by the fact the storm intensity measured
by the Dst was only ∼-100 nT. The irregularities were later re-analyzed using DMSP
measurements (Mishin and Blaunstein, 2008). Their measurements are summarized
in Figure 1·14. Electron and ion energy spectra were used to denote the equatorward
electron precipitation boundary (vertical dashed line). Observations show a distinct
sub-auroral sunward flow (VH) just equatorward of the auroral precipitation boundary
(vertical dashed line), indicative of the SPAS channel. The SAPS was co-located with
density depletion. A striking electron temperature enhancement, co-located with
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Figure 1·14: DMSP measurements during the 25-26 September 2001
storm (Mishin and Blaunstein, 2008). (a) Electron energy flux. (b)
ion energy flux. (c) Electron temperature, vertical ion drift VV and
horizontal ion drift VH . (d) Electron electron density. (e) band-pass fil-
tered and normalized density δn/n. (x) Density spectra of mid-latitude
irregularities. Vertical dashed line mark the equatorward electron pre-
cipitation boundary.
an enhanced density plateau with embedded irregularities was measured between
51–55◦MLAT. The region with irregularities was distinctly separated from the main
trough.
The irregularity power density spectra from band-pass filtered ion density (be-
tween 0.1–9.5 Hz mapped to 60–0.6 km) from the sub-auroral region is depicted in
Figure 1·14x. The F14 measurements near 1 UT were taken just overhead GPS mea-
surements from Cornell. The spectral plots show that the early passes (F13) lacked
the spectral components below 10 km scales. Only the presented F14 pass shows
a continuous straight line with slope p≈2. The measurements were taken by the
scintillation meter with 24 Hz cadence, thus the sampling resolution of 300 m, and
the Nyquist cut-off at 600 m. The in-situ measurements, therefore independently
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confirmed the turbulent irregularity spectra at scales below 1 km.
In summary, isolated reports of distinct mid-latitude density irregularities do exist
and were primarily discovered with spacecraft measurements. A common denomina-
tor was the irregularities were spatially separated from the equatorial irregularities
and the mid-latitude trough. All the reports were recorded during geomagnetic storms
of various strengths. Most of the mentioned reports speculated the irregularities
might be due to extreme expansion equatorial plasma bubbles, as the density mea-
surements resemble the typical EPB depletion with embedded irregularities. Some
reports (Greenspan et al., 1991; Lin et al., 2007) further speculated the distinct ge-
olocation of the measurements could be related to the SAA. Some speculated the
depletions were at least in part due to in-situ (mid-latitude) uplift due to the pene-
tration (eastward) electric field (Foster and Rich, 1998; Huang et al., 2007a). Lastly,
only one of the historical observations had concurrent GPS measurements of scin-
tillation (Ledvina et al., 2002). In-situ measurements were affirmative as ≤1 km
irregularities were directly measured. Subsequent analysis suggested other irregular-
ity mechanisms, in particular the gradient drift instability (Mishin and Blaunstein,
2008).
1.6.2 Objectives
Reported observations of storm-time irregularities at mid-latitudes are not consistent
with the standard climatology of scintillation occurrence and geolocation. In par-
ticular, surveys of scintillation morphology consider the mid-latitude trough as the
single most critical space weather threat (Aarons, 1982; Kintner et al., 2007). On
the other hand, storm-time in-situ observation of mid-latitude irregularities, shows
a salient irregularity phenomenon detached from low- and high-latitude features. In
this dissertation, we provide the fundamental work to systematically an-
alyze the storm-time irregularities at mid-latitudes using ground-based
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observations.
Historical and state-of-the-art global models of scintillation influenced the deploy-
ment strategies of dedicated ionospheric scintillation observatories. As a consequence,
there are no continuously operating scintillation receivers available at mid-latitudes.
Therefore, we were challenged to exploit an opportunistic data source con-
sisting of the geodetic GPS receiver network, used for earthquake moni-
toring, and to leverage the data for an ionospheric scintillation diagnostic.
In this dissertation, we have endeavored to reconstruct adequate ionospheric irreg-
ularity parameters, comparable to traditional data products provided by ionospheric
scintillation receivers. When available, we compared the resulting parameters with
traditional measures of ionospheric irregularities. In addition, we utilized in-situ mea-
surements when available. We applied the derived processing technique to survey 8
years of data (2012-2019) during the 24th solar cycle. Based on the survey, we iden-
tified nine profound space weather events that affected mid-latitudes. Thereby, we
summarize the geophysical conditions and plausible geophysical drivers for
the nine storms that produced considerable irregularities and scintillation.
1.7 Primary contributions to the body of knowledge
In this dissertation, we have endeavored to optimally leverage available GPS data
source for scintillation science. The research objective was two-fold: (1) technical
development of a signal processing technique that leverages 1-Hz (high-rate) geode-
tic GPS data for ionospheric irregularity and scintillation diagnostic, (2) meticulous
analysis of the irregularity characteristics, space weather conditions and geomagnetic
drivers for the identified space weather events.
Between 2012 and 2019, we have identified nine space weather events producing
GPS scintillation that occurred over the contiguous United States. We have carefully
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analyzed a handful of events in order to gain more detailed insight into geophysical
conditions. We found most of the events showed characteristics of an EPB that pene-
trated into the mid-latitudes. Three of the events showed typical EPB irregularities,
however, they were trailing the sunset terminator and were expanding poleward with
time. Two space weather events showed irregularity characteristics that have not
been previously reported. Using the newly developed data products in conjunction
with TEC maps, we were able to analyze the irregularities’ spatiotemporal evolution
in unprecedented detail.
For the first time, we provide observational evidence that GPS scintillations at
mid-latitudes occurred on average once per year during the eight years of the last solar
cycle. The typical storm had Dst=-125 nT and Kp=6+, which, on average occurs
three times per year (Loewe and Prölss, 1997). While it appears geomagnetic activity
is a necessary condition for the space weather to produce scintillating irregularities
at GNSS frequencies. We found no evidence supporting that the storm strength
contributes to the spread or strength of the resulting GPS scintillations.
1.7.1 Peer-reviewed contributions
We summarize the peer-reviewed contributions or the contributions that are currently
under review and will be published with minor changes.
Field-aligned GPS Scintillation: Multisensor Data Fusion
A substorm traversing the field-of-view of the Mahali campaign GPS receivers was
probed in the field-aligned direction with a spatial baseline of 15-30 km. The GPS
scintillation data was used in concert with a co-located All-Sky Imager (ASI) and the
Poker Flat ISR. We summarize the key contributions:
• Field-aligned GPS phase scintillation abruptly arises right after the peak in
auroral brightness and lasts throughout its trailing edge luminosity.
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• All receivers in the GPS receiver array experienced coherent scintillation, caused
by successive westward traveling surges.
• Joint GPS-ASI-ISR observations suggest that E region electrodynamic processes
cause the resulting plasma irregularities.
Direct EUV/X-Ray Modulation of the Ionosphere During the August 2017
Total Solar Eclipse
A solar eclipse is a natural plasma experiment that provides deterministic spatiotem-
poral occultation of solar EUV. Nevertheless, measurements of the ionospheric re-
sponse provide unexpected observations. Using concurrent observations of GPS-
derived differential TEC obtained from publicly available receivers and the modeled
solar eclipse penumbra using images from Solar Dynamics Observatory (SDO), we
were able to provide and explain the first observations of solar active regions pro-
jected onto the Earth’s atmosphere. We summarize the key points:
• Two solar active regions caused prominent nonuniform regions inside of the
penumbra at EUV/X-ray wavelengths.
• The irregular EUV illumination directly modulated ionospheric electron density,
producing four distinct large-scale TEC disturbances.
• The 2-D manifestation of the TEC disturbances matches the 2-D projection of
the EUV/X-ray irregularities.
Coincidental TID Production by Tropospheric Weather During the August
2017 Total Solar Eclipse
Subsequent analysis of the ionospheric perturbations during the August 2017 eclipse
revealed several types of coherent waves. In particular, two coherent wave-fields
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interfered during the pass of the eclipse, and we were the first to provide observational
evidence for different sources. The key points are:
• The TIDs previously ascribed to the 2017 total solar eclipse are not associated
with the eclipse; they were present at other times.
• The TID pattern, speed, and wavelength are inconsistent with the bow-wave
hypothesis; evidence is presented that suggest a thunderstorm origin.
• The TIDs with a concentric pattern propagated radially away from point source
in the east/southeast direction.
Modulation of storm-time mid-latitude ionosphere by magnetosphere -
ionosphere coupling
September 2017 storm instigated episodic perturbations at low- and mid-latitude
ionosphere. We utilized conjugate in-situ measurements from the ionosphere and
magnetosphere, to derive electrodynamic profiles of the perturbations. We found
the perturbations within the inner boundary of the ring current, and put them in a
context of the underlying TEC perturbations. The key findings were:
• We found a sequence of coherent electron density perturbations extending be-
tween mid-latitude trough and the EIA. We termed them mid-latitude plasma
density striations (MDS).
• The MDS are magnetically conjugate phenomenon within the plasmasphere,
associated with distinct flow channels, and elevated plasma temperature.
• We find that one of the electric field excursions along the MDS resided within
the ring current pressure gradient.
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Leveraging geodetic GPS receivers for ionospheric scintillation science
We describe signal processing techniques applied to data from geodetic GNSS re-
ceivers for ionospheric scintillation diagnostic. The novel data source is introduced,
as well as a treatment of a verity of different hardware. The data undergoes event
thresholding, and the resulting indices are compared against traditional measurements
of ionospheric irregularities. The key points are:
• A new signal processing technique is introduced, as well as criteria for scintil-
lation event determination.
• The introduced data scintillation indices linearly scale with the traditional in-
dices, and event selection criteria efficiently suppress hardware artifacts.
• An event study is used to demonstrate utility of the new data product, reveal-
ing multiple region of scintillation spanning from the Caribbean to the high
latitudes.
Geomagnetic Storm Induced Mid-latitude Ionospheric Plasma Irregulari-
ties and Their Implications for GPS Positioning over North America: A
Case Study
The impact of mid-latitude scintillation on GPS positioning, during the 8 September
2017 storm, was evaluated using a kinematic precise point positioning algorithm. Key
findings are:
• More than 80% of GPS receivers at mid-latitudes experienced >50 cm error
during the main phase of the storm.
• The elevated positioning error correlates with occurrence of cycle slips and scin-
tillation.
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GPS Scintillation at Dawn
The survey of scintillation occurrence in the previous solar cycle revealed one event
with scintillation occurring at the sunrise terminator. Key points of the observations
are:
• GPS Scintillation abruptly arose at F-region conjugate sunrise terminator dur-
ing the storm recovery.
• The scintillation persisted for a total of 5 hours, until the about 2 hour after a
local sunrise at the ground level.
• The scintillation was co-located with large TEC increase at the conjugate sunlit.
1.8 Broader impacts and Justification
As human society has become technologically more advanced, most of the modern-
day technologies critically rely on the GNSS: telecommunications, transportation,
finance, utilities, agriculture, to name the most important (O’Connor et al., 2019).
Space weather has been recognized as a national security threat, fostering a National
Space Weather Strategy and Action Plan released by the White House in 2019. This
dissertation directly addresses Objective (2) of this plan: ”Develop and Disseminate
Accurate and Timely Space Weather Characterization and Forecasts.” Specifically,
we are the first to comprehensively analyze space weather morphology over the con-
tiguous US, at a time scale of a solar cycle and at a continental spatial scale.
This dissertation complements and augments the NASA’s LWS program which
focuses on the science necessary to understand aspects of the sun and Earth’s space
environment that affect life and society. In particular, the thesis directly addresses
objective (1) ”Understand solar variability and its effects on the space and Earth
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Figure 1·15: Global magnetic field magnitude at Earth’s surface.
White dashed lines are magnetic latitudes used to define three geo-
graphical regions. Closed white contour at 32 µT denote region of the
south Atlantic anomaly.
environments with an ultimate goal of a reliable predictive capability of solar vari-
ability and response”. Additionally, this dissertation directly addresses LWS strategic
science areas: (4) Variability of the Geomagnetic Environment, (5) Dynamics of the
Global Ionosphere and Plasmasphere, and (6) Ionospheric Irregularities.
The NASA LWS program facilitated a dedicated review of space weather impacts
on GNSS at mid-latitudes by virtue of LWS Institute (LWSI) 2019: ”Space Weather
Impacts on GNSS at Mid-latitudes” whose participants were the principals of this
dissertation. Science topics and observations presented at the LWSI meetings were
catalysts for this dissertation, whereby the major results directly address science
objectives by the institute.
1.9 Glossary
We introduce the geophysical sectors based on the Earth’s magnetic field model,
following Figure 1·15. Ionospheric density features are pictorially illustrated on a
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simulated map in Figure 1·16.
Geomagnetic coordinates: We utilize the 12th generation of the International
Geomagnetic Reference Field (IGRF-12) (Thébault et al., 2015). This is an empirical
model of the Earth’s magnetic field strength, inclination, and declination angles. For
computational purposes, we utilize the modified apex coordinates which have smooth
base vectors fit to the IGRF (Emmert et al., 2010).
Geophysical sectors: We break down the geospace region based on the magnetic
latitude (MLAT). We denote low-latitudes as the region of 0 ≤ |MLAT| < 30. Mid-
latitudes as region 30 ≤ |MLAT| ≤ 60, and high-latitudes as region |MLAT| > 60.
(cf. Figure 1·15)
South Atlantic Anomaly: The area where the Earth’s magnetic field magnitude
is below 32 µT at sea level. (cf. Figure 1·15)
Thermosphere: The region of the atmosphere above the mesopause (minimum
temperature) and below the height at which the atmosphere ceases to have the prop-
erties of a continuous medium. The thermosphere is characterized throughout by an
increase in temperature with height.
Ionosphere: The layer of the Earth’s atmosphere that contains a high concentra-
tion of ions and free electrons. It lies above the mesosphere and extends from about
80 to 1,000 km (50 to 600 miles) above the Earth’s surface.
Plasmasphere: The plasmasphere is a region of the Earth’s magnetosphere con-
sisting of low energy (cold ≤1 eV) plasma. It is located above the ionosphere. The
outer boundary of the plasmasphere is known as the plasmapause, which is defined
by an order of magnitude drop in plasma density.
Magnetosphere: The region surrounding the earth or another astronomical body
in which its magnetic field is the predominant effective magnetic field.
Geomagnetic storm: An interval of time when a sufficiently intense and long-
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Figure 1·16: Modeled Ionospheric TEC during the 18 March 2015
storm (Huba et al., 2017). Typical storm-time density features are
enumerated and labeled on the right.
lasting interplanetary convection electric field leads, through a substantial energiza-
tion in the magnetosphere-ionosphere system, to an intensified ring current sufficiently
strong to exceed some key threshold of the quantifying storm time Dst index. (Gon-
zalez et al., 1994)
Substorm: A substorm is a transient process initiated on the nightside of the
earth in which a significant amount of energy derived from the solar wind - magne-
tosphere interaction is deposited in the auroral ionosphere and the magnetosphere.
(Rostoker et al., 1980)
Plume: Is a region of elevated plasma density with respect to the surrounding
area, residing in the ionosphere and magnetosphere.
Plasmaspheric drainage plume: Is a storm-time expansion of plasmaspheric
bulge toward the dayside magnetopause. Ionospheric projection is termed as the
Storm Enhanced Density (SED) plume. (cf. Figure 1·16)
Trough: Is a region of depleted plasma density in the ionosphere due to enhanced
transport and recombination.
Mid-latitude trough: Is a peculiar storm-time trough region separating the
auroral oval at the poleward end and the enhanced plasma density region equatorward
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of it.
Storm Enhanced Density: Region of elevated plasma density at mid-latitude
ionosphere with peculiar poleward and sunward plasma flux. (cf. Figure 1·16)
Equatorial Ionization Anomaly: Symmetric region of elevated plasma density
in the ionosphere, latitudinally displaced from magnetic equator due to the fountain
effect. Dayside eastward electric field at the magnetic equator uplifts the low-altitude
plasma, which is transported down the field lines when the gravity overtakes the
electromotive force. (cf. Figure 1·16)
Plasma instability: In the context of this thesis, plasma instability refers to
a process, involving one or more plasma waves, during which the waves grow expo-
nentially to high intensities due to the presence of a positive feedback mechanism.
Plasma instabilities require a source of free energy that provides the energy for the
growth of the waves.
Density irregularities: Ionospheric density structures of any shape and pertur-
bation intensity, recognized as a spatial pattern in 2D maps of differential TEC.
Traveling Ionospheric Disturbances: Spatially coherent density irregularities
propagating at some horizontal velocity with respect to the background.
Drift velocity: Plasma velocity in the E ×B direction at E/B magnitude.
Phase fluctuations: High frequency (>0.1 Hz) phase fluctuations measured by
a GNSS receiver.
Scintillation: High frequency (>0.1 Hz) fluctuations of amplitude (or signal





A modern GNSS receiver monitors signals from multiple satellites at multiple frequen-
cies seamlessly. We will introduce the signal observables on the GPS constellation,
which applies to any other GNSS. The GPS services provide positioning, velocity, and
timing, which rely on the accuracy of the chief GPS measure, the exact range between
the satellite and the receiver. Due to the ionospheric modification, this measurement
would be altered due to imposed delay of up to ∼50 ns, which translates to an error
of ∼15 meters. The GPS mitigates this inherent impairment by multi-frequency op-
eration and then taking advantage of the dispersive index of refraction. This implies
the delay imposed by the ionosphere is a function of frequency.
A GPS signal at frequency band n is modulated by a pseudo-random code with a
bit rate of the order of 1 Mbit/s used for the Code Division Multiple Access (CDMA)
mode. Additionally, a navigation message with a much slower rate (50 bit/s) is
superposed on top of the code. Therefore, the GPS signal traversing the ionospheric
plasma exhibits different signs in the phase modification. Namely, the code propagates
at the group velocity vg < c0, and the carrier at the phase velocity vph > c0. We
define the pseudo-range Pn the phase of the code, and the carrier phase-range Ln he
phase of the carrier at the frequency band n. A modern GPS receiver is capable of
simultaneously measuring both signal parameters, and multiple frequency bands n.
We will utilize only the two most common, referred to as L1 and L2 where L1=1575.42
MHz and L2=1227.6 MHz.
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Figure 2·1: Measurements taken by receiver FREO, IL (81.2◦W
40.1◦N) on 20th August 2017. Top panel shows pseudo-ranges, middle
panel phase-ranges, and bottom panel CNR. Colors denote different
satellites.
Additionally, the receivers monitor the carrier to noise ratio (CNR) of the demod-
ulated signal. These parameters are assembled into Receiver Independent Exchange
Format (RINEX) data files. An example of recorded L1 pseudo-range, phase-range,
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and CNR is depicted in Figure 2·1.
2.1 Total Electron Content Estimation
We utilize the data available in the RINEX files to estimate ionospheric parameters.
A receiver-measured pseudo-ranges P jn and carrier phase-ranges L
j
n from a satellite j
are composed of
P jn = R








j − Ijn + T jn + bjn + εjn + λnNn (2.2)
Where Rj is the geometric distance to the satellite, In is the ionospheric delay or
advance, Tn is the tropospheric delay, bn encompasses satellite and receiver hard-
ware delays, and εn captures other error sources such as the multipath. The carrier
phase-range has an additional term λnNn, a carrier phase ambiguity. The phase mea-
surement is relative by definition; hence it has an inherent baseline ambiguity. Our
task is to extract the ionospheric contribution to the measurements, and the variance
of the measurements sets the limits of how well one can do the job. An intrinsic
wavelength of the pseudo-range is set by a pulse length of the transmitted code at
1,023 bit/s with a repetition period of 1 ms; thus the resulting free-space wavelength
of one bit is ∼293 m. On the other hand, the free-space wavelength of a carrier wave
at L1=1575.42 MHz is ∼19 cm. Therefore, the inherent variance of the carrier phase-
range is lower (Coster et al., 1992), and thus adopted for all practical purposes. The
difference in variances is depicted in Figure 2·2.
We now utilize the plasma’s dispersive nature to derive the dual-frequency (L1,
L2) estimate of the ionospheric contribution to the carrier-phase range. Beforehand,
we need to resolve the carrier-phase cycle ambiguity term λnNn; we set the median
value of the carrier phase-range to the median value of the pseudo-range of the same
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Figure 2·2: Total electron content derived from pseudo-ranges (blue),
and phase-ranges (red). Measurements were taken by receiver FREO,
monitoring satellite number 11, on 20th August 2017.
time range (Blewitt, 1990; Coster et al., 1992). Then, we write the equation 1.13 for
both frequency bands and subtract the equation, which yields
L1 − L2 = 40.3











f 21 − f 22
(L1 − L2)10−16 [TECu] (2.3)
where 1 TEC unit (TECu) is a measure of 1016 electron per meter square along the
path, the TEC is the ionospheric contribution In to the total carrier phase-range,
defined in the equation 2.2. In the latter derivation, we assumed the ionosphere is the
only error source. The tropospheric delay Tn cancels out with the differentiation as it
is constant for the used frequencies. Ultimately, the derivation encompasses both, the
ionospheric contribution, hardware biases bn, and other error sources εn. Additionally,
the derived total electron content in the equation 2.3 is the line integrated contribution
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along the propagation direction commonly referred to as the slant TEC (sTEC)
sTECj = Ij +DCBj + εj (2.4)
where I is the ionospheric contribution along the line of sight, differential code bias
(DCB) is the bias combination b1−b2, and ε is the differential noise combination ε1−ε2.
Here, the DCB is the major error source, as its value is in the same magnitude range
as the TEC itself (Themens et al., 2015). Further, the major contributor to the
DCB is the receiver hardware (Sardón and Zarraoa, 1997), which follows the ambient
temperature perturbations (Coster et al., 2013; Themens et al., 2015).
We introduce the geometrical mapping function, that projects the estimated slant
TEC to the vertical TEC (vTEC). The obliquity factor is derived from an approxima-
tion the ionosphere can be represented as a thin shell (Klobuchar, 1987) at a height









where el is the elevation angle, and Re is the Earth’s radii. The vTEC is defined as
vTEC = (sTEC −DCB) · F (el) (2.6)
We estimate the DCB using single-receiver minimization of the standard deviation
of the estimated vTEC for satellites j above 30◦ elevation angle (Ma and Maruyama,
2003; Themens et al., 2015). We seek the DCB vector, which is constant for the day,
DCB = [DCB1, DCB2, . . . , DCBJ ] for J satellites, that minimizes the temporal sum











Figure 2·3: Local conversion of slant TEC to vertical TEC via differ-
ential bias estimation. Colors denote different satellites.






j − x̄, x̄ being mean
value of the estimates. This procedure is demonstrated in Figure 2·3
For global maps of absolute TEC, we use publicly available MIT Haystack maps
that utilize data provided by several publicly available databases. Their global TEC
solution resolve the differential code biases on a cross-receiver basis, yielding better
figure of merit (Rideout and Coster, 2006; Vierinen et al., 2016). The maps have a
spatial resolution of 1◦GLON × 1◦GLAT, constructed every 5 minutes.
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Figure 2·4: Local conversion of slant TEC to vertical TEC via differ-
ential bias estimation. Colors denote different satellites.
2.2 TEC perturbation analysis
We endeavor to exploit the measurement of small TEC variations that are smeared in
the global TEC maps. We utilize publicly available databases operated by UNAVCO,
CORS, and IGS, which consist of ∼5000 receivers in the American longitude sector.
The map of receiver distribution in 2017 is presented in Figure 2·4. We take advantage
of the spatial density of the receivers to construct maps with a better spatial resolution
than the global TEC product. The small TEC variations encompass the variations of
tiny amplitude, which is a few percent of the background TEC, or the ones of small
spatial scales (≤300 km). Usually, geodetic receivers provide data at 30 seconds
resolution and have been found to achieve TEC accuracy of ∼0.03 TECu (Coster
et al., 2012). We compute the differential TEC (∆TEC) on each line-of-sight, where
a baseline is subtracted from the bias-corrected slant TEC. For the baseline, we find
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the i− th order polynomial pi(t) for times t when the elevation angles exceeds 15◦.
∆TEC = vTEC(t)− pi(t) (2.8)
The polynomial order range is set to i ∈ [3, 18], the order is determined via an
iteration process, where we define the residual ri =
∑
t |vTEC(t) − pi(t)|2, and the
margin error εi = ri − ri−1. The polynomial order is chose when the last two margin
errors ri, ri−1 are below a threshold E =
√
30/Ts (Ts is the sampling period, usually
30 seconds). The iteration process starts with the first-order polynomial, however, the
3rd order is the lowest possible solution due to the selection criteria. The selection
criteria satisfactory forces the residual error to converge. Once the polynomial is
found, the eq. 2.8 is executed, and we remove values with the elevation angle below
30◦. The detrending process is depicted in Figure 2·5.
In this approach, the baseline polynomial depends on the length of an individual
link (time above the elevation mask) and its intrinsic variability. Therefore, the
baseline polynomial order increases with the line-of-sight length. A one day worth of
detrending stats from a network from ∼4300 receivers with 30-second data sampling
is depicted in Figure 2·6. Computed polynomial orders from 30-seconds data in panel
(a) are compared against a subset of ∼100 receivers with 1-second data cadence in
panel (b).
The resulting ∆TEC time-series observations are then projected to an altitude
at which the perturbations presumably reside. We normalized the perturbations
with the background TEC, so the resulting images present relative TEC perturbation
∆TEC/TEC in percents. If the measured TEC perturbation origin is of ionospheric
origin with spatial scales exceeding spatial sampling, the resulting maps reveal their
(projected) spatial figure. Two examples are depicted in Figure 2·7. The panel (a)
presents tropospheric convection-driven gravity waves that reached the ionosphere
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Figure 2·5: Polynomial detrending process demonstrated on FREO
receiver. (a) single line-of-sight conversion from vTEC (top) to ∆TEC
(middle) via the converging residue ri (bottom-black) and margin error
εi (bottom-blue). (b) Conversion steps from slant TEC (top), v De-
trending Local conversion of slant TEC (top) to vertical TEC (middle)
and ∆TEC (bottom).
(Mrak et al., 2018d). The resulting wave-fronts show a characteristic circular shape,
with wavelengths ∼300 km, perturbing the integrated ionospheric density in the order
of a few percent. On the other hand, the panel (b) shows highly structured density
perturbations, at comparable spatial scales to the other example, with the difference
the perturbations are in the order of tens of percent of the background.
The introduced polynomial-filter was initially developed to study the 2017 total
solar eclipse (Mrak et al., 2018b; Mrak et al., 2018d; Aryal et al., 2019). We ob-
served a plethora of spatially coherent ionospheric disturbances, normally referred
to as the Traveling Ionospheric Disturbances (TID). Frequently used approaches to
extract TID from the TEC utilize low pass filtering with a sliding window of a fixed
length. In particular, running mean filters (Tsugawa et al., 2011; Azeem and Bar-
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Figure 2·6: 2D histograms of computed polynomial order versus the
link length on the same day, with (a) 30-second resolution receivers,
and (b) 1-second resolution receivers.
lage, 2018) and Savitzky-Golay filters (Coster et al., 2017; Zhang et al., 2017), where
the window length and other parameters determine the filter’s impulse response. We
instead built upon the polynomial detrending used for the study of the 2011 Tohoku
earthquake (Galvan et al., 2012). They have used a fixed polynomial order, whereas
we developed an algorithm to find the order based on the signal’s lengths and variabil-
ity. Real strength and utility of the ∆TEC imaging have been demonstrated on the
2017 eclipse, where many authors studies produced morphologically and technically
the same results, despite using many different types of detrending filters.
Throughout this thesis, we utilize these ∆TEC maps as a diagnostic for density
irregularities. We will infer their spatial scales ∼>100 km, and assess spatial coher-
ence.
2.3 TEC Irregularity analysis
While the principal utility of the ∆TEC maps is to distill spatially coherent density
structures, an alternative approach is to diagnose regions of density gradients. The
most straightforward and widely adopted approach to extract the gradients is using
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Figure 2·7: Maps of differential TEC (∆TEC) in relative perturbation
units of ∆TEC/TEC. (a) Concentric gravity waves. (b) Amorphous
and intense density perturbations of equatorial origin.





where δt = ti − ti−1 is the sampling time. The irregularity index, the rate-of-TEC




< ROT 2 > − < ROT >2 (2.10)
where the < · > operator is the temporal average over 5 minutes. This irregular-
ity index has been introduced on the International GNSS Service (IGS) network (Pi
et al., 1997), and is now a standardized ionospheric irregularity data product (Cher-
niak et al., 2018). An example of the IGS-ROTI map and a single-receiver perspec-
tive from a receiver in Oklahoma, US, is depicted in Figure 2·8. The ROTI maps
are a convenient quantitative diagnostic for ionospheric irregularities, especially at
high-latitudes (Cherniak et al., 2018), and at low-latitudes (Yang and Liu, 2016; Wu
et al., 2020). However, their utility as a diagnostic for more precise studies of the
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Figure 2·8: (a) Spatial representation of ionospheric irregularities as
measured by the ROTI (Pi et al., 1997). (b) Derivation of the ROTI
from vertical TEC (top panel), rate of TEC change (middle panel), and
rate of TEC change index (bottom panel). ROTI was derived from the
WMOK receiver, located in Oklahoma (98.8◦W, 34.7◦N)
ionospheric irregularities is ambiguous. It highly depends on the ionospheric irregu-
larity drift (Liu and Radicella, 2019), and cannot distinguish between refractive and
diffractive processes. Additionally, it has been shown that ROTI depends on the
receiver hardware (Liu et al., 2019).
2.4 Scintillation analysis
In order to separate signal fluctuations due to small-scale ionospheric irregularities,
that is irregularities near the Fresnel scale rF , scintillation indices have been intro-
duced (Fremouw et al., 1978), and adopted by the radio-communication commu-
nity (P.531-14, 2019). The generally accepted methodology is to high-pass filter the
observed phase with a 0.1 Hz cutoff frequency. The filtering operation was intended to
block the part of irregularities that do not produce scintillation. Under the assump-
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tion that irregularity-producing fluctuations are stationary within a specific period
(usually 1 minute), the standard deviation operation is used to quantify the signal
perturbations. The resulting phase (σφ), and the amplitude (S4) scintillation indices
are then defined as
σφ =
√
< φ2 > − < φ >2 (2.11)
S4 =
√
< I2 > − < I >2
< I >2
(2.12)
where < · > is a temporal average over 1 minute, φ, and I represent the high-
pass filtered phase and intensity (amplitude squared) samples, respectively. The
scintillation indices were developed in early works with beacon receivers and got
adopted with the advent of the GNSS systems. The measured scintillation indices
are representative of root mean square phase fluctuations, and normalized intensity
fluctuations.
2.4.1 High-rate data from UNAVCO geodetic receivers
We utilize a publicly available repository with high-rate GPS data, which is operated
by UNAVCO. Spatially dense GPS receiver network with 1-Hz data has become a
standard for earthquake early warning system (Crowell et al., 2009; Allen and Ziv,
2011). UNAVCO began with updating the pre-existing GPS receivers from the 30-
second data rate to the 1-second in 2010. In the first two years of operation, the
network consisted of ∼100 high-rate receivers. The network grew to past 800 receivers
available in 2017 as depicted in Figure 2·9a. The network consists of a large verity
of receiver hardware which is broken down by model in Figure 2·9b. The receiver-
network has a spatial sampling bias toward the west coast, and the Rocky Mountains,
which have frequent seismic activity. Central America and the Caribbean were added
to the network coverage in 2015.
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Figure 2·9: (a) Spatial distribution of available UNAVCO high-rate
GPS receivers on 8 September 2017. (b) Receiver hardware type dis-
tribution on that day.
The network consists of a diverse set of hardware set-up, as depicted in Fig-
ure 2·9b. This diversity does not affect the primary purpose of the network, as all
receivers provide geodesy-quality positioning solutions. On the other hand, signal
acquisition, tracking, and de-modulation differ among the different receiver types,
which affects the fidelity of the raw measurements. This factor poses a problem we
need to investigate and mitigate, to use the data cooperatively. In particular, different
hardware types and versions use different strategies for CNR computation.
The phase measurements depend upon the contamination by the reference os-
cillator: compensation mode, phase noise, and treatment its short-term frequency
drift (Li and Akos, 2010). An oscillator with a digital compensation network could
impose tiny, yet abrupt changes in the reference phase, which affect both the phase
and intensity measurements (Mrak et al., 2018a). One important ramification of this
kind of impairment has been found for precise time synchronization faults using the
Trimble NETRS receiver (Lejba et al., 2011). This impediment with the NETRS
receivers is depicted in Figure 2·10, where we show a single line-of-sight carrier-phase
measurement during a space weather event. The figure presents measurements of
detrended L1 (∆L1) carrier phase-range in panel (a). The 0.1 Hz high-pass filtered
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Figure 2·10: Carrier phase measurements (converted to range units)
by the p413 receiver, measuring satellite G10, on 8 September 2017.
(a) L1C detrended carrier phase. (b) High passed filtered (0.1 Hz) L1C
carrier phase. (c) Differential carrier code measurements L2P-L1CA.
(d) High-pass filtered differential carrier phase of L2P-L1CA.
carrier phase δL1 in panel (b) reveals numerous abrupt jumps in the carrier phase.
The consequence of this impairment is that we can’t use conventional ionospheric met-
rics (i.e., σΦ). However, we take advantage of coherent dual-frequency GPS signals.
Namely, we assume the phase perturbation comes from the dispersive ionosphere and
non-dispersive receiver-hardware noise. Then, we subtract L1 and L2 phase-range ob-
servations to remove non-dispersive signal variations. The resulting signal ∆(L2-L1)
is depicted in panel (c), and the high-pass filtered version in the bottom panel (d).
The resulting signal consists only of dispersed phase perturbations. As the Trimble
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NETRS receivers constitute the majority of the available data, we need to mitigate
this limitation in order to utilize the available data.
A supervised treatment of the measured carrier-to-noise ratio is more complicated
because its computation is not standardized, as emphasized in the RINEX description.
Furthermore, UNAVCO’s RINEX processing software, TEQC, is not open-sourced
due to several non-disclosure agreements with the receiver manufacturer. The only
defined standard is that the CNR is measured after the signal de-spreading. In gen-
eral, two common modes of computation exist; an instantaneous measurement, and a
periodic (1-second) accumulation of wide-band power (WBP) (Kintner et al., 2007).
The resulting variance depends on the receiver resolution bandwidth, among other
signal processing details that affect the resulting CNR estimate (Mrak et al., 2018a).
In the case of the WBP accumulation, the CNR = 10 log10 [(WBP/N0 − 1) · Ts], and
depends on the noise energy N0 and hardware sampling time Ts.
2.4.2 Proxy scintillation indices
We found that the data impairments prevent us from using conventional scintillation
analysis using σφ and S4 indices. Carrier phase measurements in the majority of
the receivers are contaminated by hardware imposed noise. However, we found a
way to mitigate the predicament efficiently. As we have shown in equation 2.3, the
TEC is proportional to the differentiated phase-ranges. Hence, we use the TEC as
a substitute for a single frequency carrier phase measurement. The use of the TEC
proxy relies on the assumption that the phase scales with the 1/f 2. Namely, the
diffraction does not contaminate the observations. This assumption is valid for week
scintillation, up until S4 ≤ 0.7 (Carrano et al., 2019).
Then, we process the TEC in the same manner as one would process carrier phase
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for the σφ, whereby we define a proxy phase scintillation index σTEC
σTEC =
√
< δTEC2 > − < δTEC >2 (2.13)
where δTEC was high-pass (0.1 Hz) filtered. While the use of the TEC in place of
the carrier phase is a proxy for the standardized measure of phase fluctuations, this
approach directly addresses problems with the use of carrier phase (Beach, 2006). In
fact, σTEC has been proposed as a measure of ionospheric irregularities (Beach and
Kintner, 1999), but never got adopted. As briefly discussed in the earlier sections, the
phase measurement is peculiar and inherently dependent on the receiver hardware.
Beach 2006 urged to find an alternative and pointed toward the ROTI. However,
we discussed some ambiguities and limitations inherent to ROTI (Liu and Radicella,
2019; Liu et al., 2019) in the next chapter. The σTEC has advantages of the ROTI,
mainly by having a prescribed frequency response and is calculated on a de-biased
signal. We compute the ROTI together with the σTEC , and use it to compare the
strength and occurrence against the ROTI.
Additionally, the RINEX files do not include amplitude nor intensity measure-
ments. On the bright side, the high-rate RINEX files do include CNR. Thus, we en-
deavour to engineer a complimentary amplitude scintillation index to a conventional
S4, derived from the signal intensity. Several recent studies provide insight into uti-
lization of the RINEX-provided CNR for scintillation science (Thompson et al., 2008;
Rodrigues and Moraes, 2019; Luo et al., 2020; Mrak et al., 2020). Most of the previous
studies focused to calibrate the proxy indices with the S4 derived by nearby scintil-




< δCNR2 > − < δCNR >2 (2.14)
where CNR was high-pass filtered. Note, that we do not normalize the intensity
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perturbations my the mean variation < δCNR >2, as we endeavour to exploit small
variations that are suppressed by the normalization factor. Secondly, we high-pass the
CNR prior to the computation. Therefore, only fluctuations with periods smaller than
10-seconds are used for the calculation. The high-pass filtering operation efficiently
suppresses multi-path, as it has been demonstrated the major contributions to the
multi-path at at frequencies ∼0.05 Hz (20 seconds) (Gowdayyanadoddi et al., 2015).
The previous studies used an approach that closely resemble the S4 derivation,




< I2 > − < I >2
< I >2
(2.15)
They used this definition in conjunction with co-located reference measurements
and found that long term statistical trends of derived amplitude scintillation indices
match. We lack reference receivers, therefore we are unable to follow the exercises.
We can, however, derive both the SNR4 and S4c indices for comparison.
The amplitude/CNR fluctuations are further subject to the propagation geometry.
The phase perturbations are largely caused by the refraction only, and we derived the
obliquity function F (el) to map slant measurements to the zenith. The amplitude
perturbations are affected by irregularities of specific spectral shape, and it has been
shown that the resulting amplitude perturbations are a function of elevation and the
turbulent slope p (Rino, 1979; Spogli et al., 2009). Therefore, we used the scintillation
obliquity function F (el)q, where q is the factor that depends on the slope (p). In fact
we use q=0.9, which corresponds to spectral slope p = −2.6 (Spogli et al., 2009;
Alfonsi et al., 2011). We have shown that the climatological study shows the 2D
irregularities slopes in range p=-2.2 – -3. Therefore, we correct the SNR4 andS4c
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indices to a zenith value via the scintillation mapping function
SNR4 = SNR
′
4 · F (el)0.9 (2.16)
S4c = S
′
4c · F (el)0.9 (2.17)
where the prime (’) denotes line-of-sight indices, and F (el) is the obliquity map-
ping function defined in the equation 2.5. Hereafter, all use cases of the amplitude
scintillation indices are corrected for oblique angle propagation.
2.4.3 Scintillation event thresholding
The GNSS observables are constantly contaminated by undesired noise sources, such
as the time-varying hardware imposed variations and multipath. To minimize the
effect of undesired signal fluctuations for ionospheric irregularity analysis, we define
a threshold to mask undesired and small variations. Normally, the threshold is set
for a few identical scintillation receivers. Typically, the threshold mask for ampli-
tude scintillation is set at S4 =∈ [0.2, 0.3] (Jiao and Morton, 2015; Spogli et al.,
2009). Similarly, a fixed threshold is set for phase fluctuations (Alfonsi et al., 2011;
Spogli et al., 2009). As we are dealing with the large verity of receiver models in the
UNAVCO network, we need first to analyze their compatibility.
The scintillation indices are defined as a standard deviation of a one-minute long
data segment, thus we use them as a measure of the receiver’s variance during qui-
escent times. Specifically, we use the daily median values of the scintillation indices
σ̂TEC and SNR ŜNR4, to determine daily variability and compatibility among differ-
ent receiver types. We performed a survey of the daily median values on one month
of geomagnetically quiet days of January 2018. We excluded two days with geomag-
netic disturbance planetary K (Kp) index exceeding 4 (14th and 24th of January).
All receivers were located in the northern hemisphere, where the total background
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Figure 2·11: (a) Average receiver hardware availability-distribution
in January 2018. (b) Histogram of daily median σTEC distribution
(left), and daily median SNR4 distribution (right) among all receivers
in January 2018. (c) The same as panel (b), but for each hardware
set-up.
TEC is the lowest every year. Figure 2·11a depicts average receiver-type distribution
in the time of this analysis. Figure 2·11b shows a distribution of receiver variance
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Figure 2·12: Measurements taken by receiver WMOK located in Ok-
lahoma (98.8◦W, 34.7◦N) on 8 September 2017. Top panel depicts a
single line-of-sight estimate of vertical TEC, and derived phase scintil-
lation index σTEC . Bottom panel depicts recorder CNR, with derived
amplitude scintillation indices SNR4 (red), and S4c (black)
computed for all the receivers. Figure 2·11c breaks down the receiver noise levels by
each receiver model. Overall, both σ̂TEC and ŜNR4 have a large spread with a factor
of ∼5 in σTEC , and a factor of ∼10 in SNR4. While the degree of spread in σTEC is
similar among all receiver types, Septentrio PolaRX5 is notably the receiver with the
smallest variance in the CNR.
A big spread in receiver variances is normally mitigated by setting a large standoff
distance, such as in the statistical studies (Jiao and Morton, 2015; Alfonsi et al., 2011;
Spogli et al., 2009). Instead, we aim to define a dynamical threshold to accommodate
for, in general, much weaker space weather effects at mid-latitudes. We define a
threshold parameter T rχ, for χ ∈ [σTEC , SNR4], for each receiver r computed on a
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daily basis. The threshold values are defined as:
T rχ = 2.5 · χ̂r (2.18)
where a value of 2.5 is a fixed standoff distance from the receiver noise level χ̂r.
It is empirically chosen and was found to be about a factor of 2 lower than the
ordinary (Jiao and Morton, 2015) for Septentrio receivers, and the in the same range
for the others. An example of a space weather event is presented in Figure 2·12. Here,
we show a space weather impact on a mid-latitude receiver located in Oklahoma with
dashed lines showing the receiver threshold parameters. The top panel shows the
TEC and derived phase scintillation index σTEC . Large TEC gradients exceeding 10
TECu over 10 minutes were accompanied by small scale fluctuations in sub-minute
time scales. Here, the threshold TσTEC ≈0.005 TECu, which is about a half of a
standard threshold for σφ=25 radians at L1 (∼0.01 TECu). The ramification of
receiver dependent threshold is depicted in the bottom plot of Figure 2·12. The CNR
time-series shows a distinct area of increased variance just before 1:30 UT, with a
fading in the order of ∼3 dB. The derived amplitude scintillation index SNR4 picks
up at the elevated CNR fluctuations, whereas the S4c suppresses them due to the
normalization by its mean value < I >2. An important observation is that a nominal
statistical survey would not pick up the scintillation signal at the threshold S4c = 0.2
(black line).
In addition to the dynamic threshold, additional constraints need to be imposed to
mitigate adverse signal contamination. In the further restrictions, we build upon the
previous scintillation climatology study (Jiao and Morton, 2015). A space weather
event is recorded on each scintillation index time-series with elevation angle exceeding
30◦ if:
• Running 60 second median of a scintillation index has to continuously exceed the
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Figure 2·13: Illustration of scintillation event classification on CNR
(a) and TEC (b) estimates. Top panel is estimated parameter, mid-
dle panel is the derived scintillation index (blue) with running median
(red), and the bottom panel shows time-series blocks (bolstered line)
determined as scintillation events. Horizontal magenta line denotes the
threshold value, black horizontal line is the receiver’s median value for
that day.
computed threshold T jχ (equation 2.18) for a minimum duration of 2 minutes.
• Multiple events with temporal separation shorter than 5 minutes are merged
together.
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The additional constraints are illustrated in Figure 2·13. In Figure. 2·13a, a system
glitch and an amplitude scintillation event occurred within 30 minutes from each
other. The top panel shows a sudden increase in CNR by 3 dB at 00:17 UT, followed
by an event of increased variance at 00:45-01:00 UT. The second panel shows the
computed SNR4 index in blue, and its 1-minute running median in red. The black
dashed line is the receiver noise level ŜNR4, and the magenta dashed line is the
threshold TSNR4 . The bottom panel demonstrates the scintillation event bolstered
by the thick line. The increased SNR4 due to the system glitch was rejected with
the minimum length criterion. The event selection procedure flagged elevated SNR4
between 00:45 and 1:00 UT as a scintillation event.
The second example in Figure 2·13b depicts a case of a long-lasting phase scin-
tillation event co-located with a TEC gradient between 0:40-1:30 UT. There was a
secondary enhancement just above the threshold around 2:00 UT, which was initially
split. We applied the minimum separation criterion, we consider the two individual
events as a single continuous event since the gap between the two events was shorter
than 5 minutes. It implies that some samples designated as scintillation events can
occupy values below the set threshold.
2.4.4 Demonstration of scintillation event analysis
We perform a statistical and correlation data from the high-rate UNAVCO network
on a case study of the 8 September 2017 geomagnetic storm. We chose this event to
achieve a statistically significant number of events. We compute the proxy scintillation
indices σTEC and SNR4, and compare them against ROTI and S4c. In particular,
we endeavor to assess the influence of the event thresholding.
We analyze a subset of six receivers spread across Northern America and listed in
Table 2.1. Out of this subset, we present selected measurements from three receivers
in Figure 2·14, each showing three most effected lines-of-sight. Presented receivers
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are chosen in a way to cover a large span in longitude and latitude, and to present
representative measurements from the three most frequent receiver types.
The selected measurements from chosen receivers with their location, as well as
trajectories of presented data, are depicted in Figure 2·14. Measured TEC and CNR
for three receives, with the derived scintillation indices, are attached to in panels b-d.
Receiver CN12 (panel b) is located in Jamaica, at the southern edge of mid-latitudes.
It measured steep TEC gradients and occasional fluctuations in CNR on the order
of 10 dB. The receiver WMOK (panel c) observed similar TEC gradients and weaker
CNR fluctuations in the order of ∼3 dB. Lastly, receiver P413 measured persistent
TEC fluctuations on the order of 5 TECu, but no considerable changes in CNR.
Namely, the first two receivers measured scintillation, whereas the latter measured
only TEC fluctuations. Magenta dashed lines in the CNR panels show the receiver
threshold for the scintillation event criteria.
Examining the computed thresholds, σTEC values were comparable among the
receivers (each different model). As the value (0.003 TECu) was much lower than
the measured scintillation indices, we did not plot the line. Instead, its effect is
emphasized by thicker lines. On the other hand, a difference between the SNR4
between WMOK receiver (Septentrio PolaRx5) and the others are noteworthy. The
threshold of the former is a factor of 2 lower than for the Trimble receivers. That
implies the Septentrio receivers have a bigger dynamic range than the others. Namely,
Table 2.1: A subset of receivers (Rx) – satellites (SV) links under
examination
Rx name GLON GLAT receiver model
CN12 -76.7 18 Trimble NETR9
WMOK -98.8 34.7 Septentrio PolaRx5
P413 -120.1 48.4 Trimble NETRS
HDIL -89.3 40.6 Septentrio PolaRx5
OXUM -96.5 15.7 Trimble NETR9
P209 -122.1 37.1 Trimble NETRS
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Figure 2·14: Selected receivers and measurements during the event.
(a) Map with locations (+) of the six selected receivers listed in Ta-
ble 2.1. (b–d) Time-series plots of three receivers with color-coded
lines-of sight, whose trajectories are plotted in panel (a). Top panel
in each plot consists of TEC and σTEC , bottom panel shows CNR and
SNR4.
WMOK picked up fluctuations in the order of 2 dB, which is the inherent variance
of Trimble receivers. That is a pictorial representation of statistical finding back in
Figure 2·11
We now analyze the scintillation indices from the selected six receivers on 48
hours of data, taking full days of 7 and 8 September 2017. We present the data in
the form of 2D histograms, comparing the raw outputs from the standard deviation
operation. We compare the pairs of σTEC and ROTI, and SNR4 with S4c. The
histograms encompass a total of T=4.5 million samples. The histograms show two
major populations; a group clustered along a linear correlation line and the second,
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Figure 2·15: 2D histogram showing direct comparison between con-
ventional and introduced scintillation indices, using data of 6 selected
receivers from Table 2.1. Title contains information about total num-
ber of data points T used in the analysis. (a) Comparison between
ROTI and σTEC . (b) Comparison between S4 and SNR4.
uncorrelated group along either axis. While the former group is expected as the
indices are computed from the same measurements, the latter group arises due to
different processing algorithms.
The uncorrelated samples are due to hardware noise contamination described in
section 2.4.3 and Figure 2·10. In particular, the indices along the y-axes were high-
pass filtered, which in cases of abrupt jumps produce artificial ripples (the Gibbs
effect (Gibbs, 1898; Gibbs, 1899)). Such a jump in TEC is usually a consequence of
an ill-resolved cycle slip, or sometimes due to irregular sampling. In the CNR, such
jumps do occur, but their origin is usually unknown. We presented one artifact in
Figure 2·10. There is more frequent CNR contamination at low elevation angles, due
to multi-path. Multi-path imposes range fluctuations on the order of 1 meter, and
intensity fluctuations exceeding 1 dB, with periods of several tens of seconds (Seep-
ersad and Bisnath, 2015). Additionally, the multi-path imposed interference causes
76
Figure 2·16: The same format as in Figure 2·15 but only using data
points classified as the scintillation events. (a) Using the six selected
receivers from Table 2.1. (b) Selected 169 receivers from the UNAVCO
network. The total number of data points T are at the top of each
panel. White fiducial line is a linear fit to the data with equation in
the top left corner. Correlation coefficient R between selected indices
is given in the bottom right corner.
abrupt jumps in the resolved phase (Defraigne and Bruyninx, 2007). As the network
consists of a large verity of receivers, and the multi-path largely depends on the an-
tenna installation, we reduce the risk of multi-path with the elevation cutoff at 30◦.
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However, this elevation mask does not eliminate the multi-path entirely.
We consider the same correlation analysis but applied only to the events deter-
mined by the thresholding procedure. Only these samples are now presented in the
2D histograms of Figure 2·16. Row (a) shows the results from the same receiver
subset set as in Figure 2·15. This time, we see the scintillation event thresholding,
which efficiently rejected the uncorrelated groups and preserved the linear correlation
groups. Linear correlation with a high correlation coefficient indicates that the in-
troduced scintillation indices are adequate substitutes for ROTI and S4, respectively.
Remaining deviations are a result of differences in the temporal variations imposed by
the high-pass filtering. The bottom panel (b) presents an analysis of 169 UNAVCO
receivers, which spaced at least 200 km apart. The linear correlation lines are plotted
on each panel, including the line parameters, and the correlation coefficient R. We
find the correlation coefficient between σTEC and ROTI R=0.9 using ∼7 million data
points, and SNR4 – S4c R=0.83 using ∼745,000 data points.
Lastly, we use a CASES GNSS scintillation receiver (Crowley et al., 2011) operated
by the University of Texas at Dallas (UT Dallas). The CASES receiver measures the
TEC, CNR, and provides the conventional scintillation indices σφ and S4 computed
from 100 Hz data, on with a 100-seconds long standard deviation window. We use
the closest available receiver from the UNAVCO network (WMOK) from Oklahoma,
240 km away. Due to the CASES receiver’s operational limitations, we find only
two lines-of-sight with sufficient data to compare with the WMOK receiver. The
time-series plots are presented in Figure 2·17.
We compare the provided scintillation indices (black dots) with the computed
proxies we use throughout the work (red line). The general trend of the proxy indices
is morphologically similar between both receivers, monitoring the same satellite. Dif-
ferences in the strength and timing between the receivers are related to the differences
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Figure 2·17: Comparison between observations taken by CASES (top)
receiver from Dallas, TX, and wmok receiver from Oklahoma (bottom).
Each row consists of three frames of data from G10, G24 and G32
satellites. Top row (CASES) has additional scintillation indices (σφ,
S4) in the second and bottom panels (respectively). Red lines represent
the introduced (σTEC , SNR4) scintillation indices.
in the measured TEC profiles. The receivers were spaced ∼240 km apart, but they
measured different TEC gradients, especially with the satellite SV32. Scaling com-
parison between σφ and the σTEC shows the expected value of σTEC=0.026 TECu for




In this chapter, we discuss the observational limitations of the derived GPS data
products. Our chief objective is to use the derived GNSS parameters as a diagnostic
for ionospheric density structures. However, the density structures occupy a range
of possible horizontal sizes convecting at a broad range of possible velocities. We
define the space-time-velocity diagrams used to constrain the region of ionospheric
irregularities that could be observed by ground-based GNSS receivers at a given
sampling rate. We use the same diagrams to define the region of irregularities that
produce scintillation. The computation is based on the phase screen approximation,
introduced in section 2.4.2.
3.1 Observations of phase fluctuations
We assume that a GNSS receiver measures carrier phase fluctuations, which are pro-
portional to the line-of-sight integrated electron density, sTEC. For a sake of simplic-
ity, we exclude phase departures due to diffraction. Then, the phase fluctuations are
a result of changing sTEC due to any combination of:
• Temporal change in the ionospheric density irregularities τt.
• transport of ionospheric irregularities at convection speed v0. Resulting tem-
poral change τs at a receiver, due to convecting spatial structure of a spatial
wavelength Λ is τs = |v0|/Λ.
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• Temporal change in the satellite-receiver line-of-sight direction due to the mo-
tion of the satellite. Assuming a GPS satellite in a circular orbit at 20,000 km
and an orbital period of 12 hours, the velocity of ionospheric pierce point at 350
km altitude |vIPP |=50.8 m/s.
For the sake of simplicity, we assume the propagation direction is perpendicular to
the ionospheric structures. Alternatively, if the propagation direction departs from
the zenith angle θ, the effective spatial wavelength is Λeff = Λ/ cos θ. The result
is that any projection departing from θ = 0 increases the wavelength in the plane
perpendicular to the propagation direction. We combine the effects of ionospheric
convection at velocity v0, and velocity of the IPP trajectory vIPP into an effective
velocity veff = v0 + vIPP . Thus the periodicity of the phase fluctuations imposed
by spatial effects are τs = |veff |/Λ. Second, we assume the temporal changes in
ionospheric irregularities are due to an ionospheric instability, with a growth rate of
γ. The most frequent ionospheric F-region instabilities with respective growth rates
are listed in Table 3.1. Given the spatial focus of this dissertation, we disregard
E-region instabilities, which are important at high-latitudes and were studied in a
separate study (Mrak et al., 2018c). The total periodicity τ of the measured phase








Additionally, we omit the contributions of particle precipitation for a reason simi-
lar to the one we used to neglect E-region instabilities. The precipitation is the major
driver of rapid phase fluctuations at high-latitudes (Semeter et al., 2017; Mrak et al.,
2018c), and it has been shown that the precipitation scales change dramatically in
order of seconds, at spatial scales below 1 km (Semeter et al., 2008).
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In Figure 3·1 we depict the temporal response of phase fluctuations, imposed by
density irregularities at different spatial wavelengths Λ, as a function of effective irreg-
ularity speed |veff | (hereafter referred to as veff ). The diagram was computed with
the slowest growing instability (Perkins instability (Perkins, 1973)), with a growth
rate given in Table 3.1. The diagram shows how an irregularity drifting across affects
measured phase perturbations. Colors denote different spatial wavelengths. A broken
line at the 50 km wavelength shows how the purely spatial change versus a combina-
tion of the spatial and temporal evolution of irregularities affects the measurement.
The lines diverge only at low speeds (veff .100 m/s).
The predominant effect on the observational limits is in the receiver sampling rate.
The two black-dashed horizontal lines denote observing constraints set at 30- and 1-
second GNSS receivers. Their Nyquist limits are 60- and 2-seconds, respectively.
While the most common 30 s resolution receiver can measure spatial scales &5 km
for most of the realistic irregularity drifts (veff ∈ [100, 1000] m/s), the 1-second
receivers cover the portion down to a few hundred meters. Another ramification of
this diagram is an inherent space-velocity ambiguity in the measured signal. Namely,
fluctuations with a period τ=30 seconds, could be due to irregularities of spatial
wavelengths Λ ∈[1, 50] km for irregularity speed veff ∈ [50, 1000] m/s. In turn, this
is the range measured by 30-second ROT/ROTI, the most common observational
mean to measure ionospheric irregularities.
Let us further investigate the space-time dependence on the measured phase fluc-
Table 3.1: Growth rates and rise times of predominant ionospheric
instabilities
Instability growth rate γ [s−1] rise time τ [s] reference
Perkins 3.7e-4 2700 (45 min) (Duly et al., 2014)
Rayleigh-Taylor 5e-4 2000 (33 min) (Shinagawa et al., 2018)
Gradient-drift 0.003 300 (Moen et al., 2013)
Kelvin-Helmholtz 0.016 60 (Carlson et al., 2007)
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Figure 3·1: Space-time-velocity diagram, representing measured pe-
riod τ of phase fluctuations by density irregularities at a constant spa-
tial wavelength Λ drifting at a variable speed veff . Colors represent dif-
ferent spatial scales. All periods converge towards the temporal limit
being the raise time of Perkins instability. Brown dashed line shows
how the apparent periodicity diverge if only space-velocity factors are
considered. Thin black lines represent two common sampling options
at 1- and 30-seconds. Thick broken black lines are the Nyquist limits
set by the receiver sampling periods.
tuations assuming the most common form of instability; the gradient drift waves (Ke-
skinen and Ossakow, 1983), which typically grow the fastest among the F-region
instabilities (cf. Table 3.1). The gradient-drift instability (GDI) is particularly im-
portant at higher latitudes, with inherently steep density gradients, and large ambient
electric field. To exploit the effect of growing irregularities, we use the results found
by a sounding rocked experiment (Moen et al., 2012) with the estimated rise time
of 48 seconds. The resulting space-time-velocity diagram is depicted in Figure 3·2.
Here a space-velocity region captured by the 30-second ROT/ROTI shows a clear
separation from the region captured by the phase scintillation index σTEC derived
from a 1-second receiver. We find that the temporal evolution of the irregularities
83
Figure 3·2: Space-time-velocity diagram, representing measured pe-
riod τ due to space-time evolution (solid lines) and due to solely the spa-
tial perturbation due to irregularity drift (broken lines). GDI numbers
are taken from (Moen et al., 2012). The horizontal red line illustrates
the space-velocity contributions to the measured 30s ROT/ROTI. The
region between the blue lines denote the region of measured perturba-
tions by phase scintillation indices derived from a 1-second receiver.
does not play a considerable role in the analysis, even for the example of the fastest
rise time (e.g., Table 3.1). Thus, we omit the addition of temporal evolution from
further analysis.
3.2 Amplitude fluctuations
We analyze the contributions to amplitude scintillation, which is a manifestation of
diffraction using the space-time-velocity diagram. This analysis is computed with
the phase screen intensity filter, at a distance Z=350 km, spectral density function
Φ∆N with spectral index p=-2.8, and at the GPS-L1 frequency. We compute the
resulting filter response Φ∆N · sin2 [k2⊥Z/(2k)], and identify its bandwidth in Fig-
ure 3·3. We took the slope from a statistical scintillation survey using low-latitude
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Figure 3·3: Amplitude response of the spectral density function Φ∆N
with slope p=-2.8, propagated through the Fresnel filter in the phase
screen approximation. The Filter was computed at a distance 350 km
away from a receiver, at GPS L1 frequency. Bandwidth of the resulting
amplitude response is marked with red markers. Irregularity wavenum-
ber k⊥ and wavelength Λ are on the abscissa.
receives (Béniguel et al., 2009). We assume the spatial scales within the bandwidth
significantly contribute to the amplitude scintillation, i.e., diffraction. The resulting
bandwidth is confined between Λmin=330 m, and Λmax=1070 m.
The resulting space-time-velocity diagram is depicted in Figure 3·4. Spatial scales
producing amplitude fluctuations are confined between the red-dashed lines. The area
measured by 1-second received is red-shaded, and show these receivers can sample the
structures the Fresnel frequency rF · veff only up to ∼500 m/s. An example of the
amplitude filter for previously given parameters, and at 1 km/s drift is attached to
the right of the space-time-velocity diagram.
The periodogram reveals a critical advantage and limitation of 1-second receivers.
These receivers can sample irregularities that contribute to the diffraction if they drift
at speeds below ∼500 m/s. On the other hand, these receivers cannot oversample
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Figure 3·4: Space-time-velocity diagram of phase fluctuations, with
region highlighted (red-shaded) region of irregularity contributing to
amplitude fluctuations. The spatial filter was computed in the phase
screen approximation, outlined in Figure 3·3. Thick black lines confine
the area observed by 1-second receivers. Thin black line at the bottom
(25 Hz) depict the lower sampling bound for a standard GNSS scintil-
lation monitor with 50 Hz data rate. Temporal observability limits are
depicted with vertical arrow at the right of the diagram. Amplitude
filter response for a phase screen drifting at 1 km/s is attached to the
right.
the turbulent part of the scintillation-producing irregularities. The ramification is
that the receivers can be used as a quantitative diagnostic for scintillation. But the
measurements cannot be used for irregularity diagnostics, such as identification of
spectral slope or de-correlation length.
Receiver sampling requirements for a comprehensive amplitude scintillation diag-
nostic, as a function of the irregularity drift are depicted in Figure 3·5. We computed
a hypothetical power spectral density function of amplitude fluctuations at a receiver,
as a function of various irregularity drift speeds. The vertical line denotes the high-
frequency limit of a 1-second receiver. The result is that such a receiver can sample
the turbulent part of the irregularity spectra only at speeds .150 m/s. As a compar-
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Figure 3·5: Hypothetical power spectral density of amplitude fluc-
tuations measured by a GNSS receiver. Different colors represent the
receiver’s response for different irregularity speeds. The diagram was
computed assuming the phase screen, at a distance of 350 km. Vertical
dashed line shows a high frequency cutoff for 1-second receivers. The
abscissa limit is set to 25 Hz.
ison, a typical GNSS scintillation monitor with a 50 Hz sampling rate over-samples
the scintillation-producing irregularities exceeding 1 km/s.
3.3 Summary
In this chapter, we built space-time-velocity diagrams to determine the observational
limits of phase and amplitude by a receiver with a given sampling rate. First, we
concentrated on the phase fluctuations and the space-velocity regions that contribute
to the ROTI and σTEC . We further investigated how temporal evolution of irregu-
larities compare to the spatial effect, where we neglected auroral precipitation and
E-region instabilities. Lastly, we evaluated what portion of the irregularities within
the field-of-view contribute to amplitude fluctuations. We utilized the phase screen
approximation with irregularity slope p=-2.8. The resulting space-time-velocity di-
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agram provides observational constraints for a given GNSS receiver. We summarize
the chief findings:
1. The Space-time-velocity diagram outlines limits of spatial scales that contribute
to phase fluctuations at a particular temporal window.
2. Most frequent F-region instabilities grow too slow to significantly contribute to
phase fluctuations at periods slower than 30 seconds.
3. The field-of-view of the standard 30-second ROT/ROTI encompass irregularity
scales of up to 50 km at drift velocity below 1 km/s.
4. The field-of-view of scintillation indices utilizing high-pass filtering with 0.1 Hz
cutoff limits contributing irregularities to spatial scales below 10 km at drift
velocities below 1 km/s. The receiver sampling rate sets the lower boundary;
for the 1-second receivers, the lower limit is ∼ 300 m at 100 m/s irregularity
drift, and 2 km at 1 km/s.
5. Irregularities contributing to amplitude fluctuations constitute a minority in the
space-velocity sub-space. We found these scales are at <1 km.
6. We show that the ROTI and σTEC indices cannot be used to determine scintil-
lation scales. While the scintillation-producing irregularities contribute to these
indices, their contribution is convolved with more substantial irregularities at
larger wavelengths. The scintillation implies elevated ROTI and σTEC , whereas
the causality does not work the other way around.
For more than a decade now, the 30-second ROT/ROTI maps have been the irreg-
ularity diagnostic of choice in the space weather community. This thesis introduces a
novel, underutilized dataset from 1-second GPS receivers. Based on the space-time-
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velocity diagrams, we outline the crucial advantages and limitations of available data
products.
1. σTEC captures a space-velocity region of irregularities Λ ∈ [0.1, 10] km, drift-
ing at veff ∈ [50, 1000] m/s. Whereas 30-seconds ROT/ROTI encompasses
contributions from scales . 50 km in the same velocity range.
2. Conventional 30-second data do not provide any measure of the signal’s ampli-
tude. The derived ROTI has been used for irregularity diagnostic. However,
discrimination by irregularities-size is impossible, by the fact the drift velocity
is unknown.
3. The high-rate data capture significantly bigger space-velocity region of irregular-
ities, including scintillation-producing wavelengths. Specifically, CNR-derived
amplitude scintillation index SNR4 provides crucial diagnostic for these ir-
regularities. Thus, the use of σTEC and SNR4 give a crucial advantage over
30-second ROTI.
4. The high-rate receivers are capable of measuring the amplitude fluctuations,
however, their frequency range is limited. We showed they could sample the
turbulent part of the scintillation irregularity spectra at speeds below 150 m/s.
However, the 1-second data oversamples irregularities at Fresnel frequency at
speeds up to 500 m/s. The new data-product is, therefore, a quantitative indi-
cator of scintillation-producing irregularities. The data cannot be used to study
the statistical properties of the irregularities.





We applied the introduced processing technique to eight years of available data be-
tween January 2012 and December 2019. Out of the eight years of data, we manually
examined all days with elevated irregularity activity. Using the 2D maps of scintilla-
tion indices, we identified the days of GPS scintillation activity at mid-latitudes. The
detected events are put in a geophysical context of geomagnetic activity using the
disturbance storm time (Dst) index, and planetary K (Kp) index. Additionally, we
examine the IMF and Auroral electrojet activity on these days. The space weather
events are listed in table 4.1, with a date and time of minimum Dst, and maximum Kp
index during the space weather event. It turns out that all the events occurred during
geomagnetic storms, where two storms are considered as moderate (-100≤Dst≤-50)
and the other as intense (Dst≤-100) storms (Gonzalez et al., 1994).
Further analysis of storm characteristics is outlined in Figure 4·1. The Dst and Kp
indices are used to compare the storm development states aligned by the minimum
Table 4.1: Identified space weather events at mid-latitudes
date Dst min [nT] time [min Dst] Kp max
2012-10-1 -136 03:00 7−
2013-6-1 -119 08:00 7
2013-6-29 -98 06:00 6+
2014-12-22 -51 05:00 5+
2015-6-23 -204 04:00 8+
2015-12-20 -110 22:20 6
2017-5-28 -125 07:00 7
2017-9-8 -124 01:00 8+
2018-8-26 -174 06:00 7+
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Figure 4·1: Event profiles of (a) Dst index and (b) Kp index aligned by
the minimum Dst. Event profiles are in black, mean profile is marked
in red. Kp index trend line consists of one standard deviation error
bar.
Dst (panel a). A general trend of the storms is represented with a thick red line,
which is the mean value of the respective index at the time epoch. In general, the
storm’s main phase is the time of decreasing Dst lasted on average for 10 hours, with
the climax at -125 nT. The recovery phase was in all but one storm uniform and
longer than 30 hours. The other storm had a subsequent main phase with ∼10 hours
of lag time after the first peak. The most intense evet measured by the Dst index was
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Figure 4·2: Event profiles of (a) Interplanetary magnetic field–Bz (b)
Auroral Electrojet index aligned by the minimum Dst. Event profiles
are in black, mean profile is marked in red.
the 23 June 2015 with Dst=-204 nT. The most subtle of them reached only Dst=51
nT, which was on 22 December 2014. We found that all mid-latitude space weather
events took place at geomagnetically disturbed times. The most striking finding is
that the mean storm strength was Dst=-125 nT. Long-term surveys found these kinds
of storm occur on average three times per year. (Loewe and Prölss, 1997).
Likewise, Kp index is aligned by the storm peak identified using Dst. Kp values for
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the nine events are depicted in Figure 4·1b, where the thick red line is the average,
and error-lines are ± one standard deviation. On average Kp peaked during the
storms’ main phase, with values Kp=6+±1. Only a few storms exceeded the mean ±
one standard deviation region. The absolute timing of the storm minimum shows a
common pattern. Namely, our observations are spatially biased to Northern America,
where local time (LT) at longitude 100◦W is LT=UT-6. Thus the majority of storms
reached a peak near local midnight. That implies the storm main phase took place
at the dusk-evening local time. This timing is favourable to promote storm time
dusk space weather: Equatorial Plasma Bubbles (Martinis et al., 2005), polarization
terminator (Foster and Erickson, 2013), storm enhanced density (Foster, 1993), and
the sub-auroral polarization stream (Anderson et al., 1993).
Profiles of IMF Bz are depicted in Figure 4·2a, which is organized in the same
manner as the previous Figure, with time in hours relative to the storm peak. All
but one events were driven by an extended period of negative Bz, outlined by the
average profile in red. The pattern shows that, on average, the Bz was southward
for ∼15 hours before the storm peak. The other event had strongly northward Bz
until a few hours to the storm peak. This was the 23 June 2015 storm. Following
the IMF Bz trajectory, the average AE index shows tremendously long >10 hours
activity during main phases. Numerous storms had intensifications beyond 1500 nT
during that time. In aggregate, the identified storms were only moderate as measured
by the ring current (Dst) but were, on average, driven by the southward IMF for an
extended period of time.
We plot the scintillation indices recorded during the nine events in Figure 4·3.
The data is time-aligned with the storm peak. Only GPS receivers located between
geographic longitudes 50◦W and 130◦W, and magnetic latitudes between 20◦MLAT
and 60◦MLAT were utilized to produce the plots. The indices were computed as
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Figure 4·3: Normalized scintillation indices from receivers located at
longitudes between 50◦W and 130◦W, and latitudes between 20◦ MLAT
and 60◦ MLAT. (a) Time averaged (100 min) phase scintillation index
normalized by number of events (N) σTEC · N . (b) Same as the top
panel, just for the amplitude scintillation index SNR4 ·N
median values of the index, multiplied by the total number of events recorded at the
time epoch. The indices were then smoothed with 100-minutes long running average
filter. We endeavor to characterize space weather events causing GPS scintillation,
hence our primary diagnostic is the amplitude scintillation index SNR4 in the bottom
panel. Looking at Figure 4·3b, we recognize the scintillation occurrence was predom-
inantly clustered near the storm peak. A couple of events with the most prominent
scintillation occurrence are marked on the figure. The phase scintillation index σTEC
needs to be considered in conjunction with the SNR4, as it is most sensitive to larger
spatial structures that do not cause scintillation. For instance, on a few occasions,
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the SNR4 is not correlated with σTEC enhancements due to auroral processes near
the poleward boundary of the GPS network.
We break down the events into three categories. First, the majority of the events
were clustered together, both in time, intensity, and temporal spread. A spatiotem-
poral analysis suggests these events are some form of the EPB, and we analyze the
most profound in this chapter. Then, there were two outliers; 8 September 2017,
and 21 December 2015. Due to their distinct differences in timing and intensity, we
dedicate separate chapters to discuss observations in greater detail.
4.1 Poleward expansion of night-time equatorial plasma bub-
bles
We first look at the events that resemble equatorial plasma bubbles, which, for some
reason, expanded into the mid-latitude ionosphere. Several isolated events of the
similar phenomenon have been reported at different longitudes over Japan (Ma and
Maruyama, 2006), China (Aa et al., 2018), and Northern America (Zakharenkova
and Cherniak, 2020) using GPS-derived ROTI maps. As discussed in Chapter 3,
ROTI is an ambiguous diagnostic, as is encompasses a vast spread of possible spatial
density perturbations. The one event with multi-instrument diagnostic was 1 June
2013 (Martinis et al., 2015), which we use here as a benchmark.
We present GPS-derived maps of the 1 June 2013 in Figure 4·4. Using this fig-
ure, we introduce the format used throughout the manuscript. Each time epoch is
represented with two panels: (top) Differential TEC (∆TEC) maps projected to 350
km altitude, (bottom) Scintillation maps with σTEC (cyan) and SNR4 (red) mark-
ers overlaid on top of the ROTI maps (gray). Differential TEC maps are a spatial
diagnostic for coherent irregularities with horizontal scales >100 km, ROTI maps for
horizontal scales <50 km (assuming drift velocity below 1 km/s), σTEC for scales
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Figure 4·4: Differential TEC maps (top row), and irregularity maps
(bottom row) consisting of ROTI (gray) ans scintillation indices (σTEC
and SNR4) at subsequent time epochs (columns). Red-dashed line is a
day-night terminator at 100 km altitude. Bold arrow marks the region
of irregularities in the ∆TEC maps.
<10 km (drift velocity below 1 km/s), and SNR4 for scales <1 km. Synchronous
use of all the data products provides an unprecedented insight into the irregularity
spectrum at a given location and time. For geolocation purposes, we plot a day-night
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terminator (red-dashed line) computed at an altitude of 100 km. White dashed lines
are magnetic coordinates (Emmert et al., 2010) using Magnetic Local Time (MLT)
as a unit of longitude.
The observations in Figure 4·4 show poleward and eastward expansion of irreg-
ularity clouds starting at 4:30 UT. The irregularities emerged from Mexico at 4:30
UT poleward over Texas an hour later. Then the irregularities drifted westward,
traversing the southwest US. The ∆TEC maps measured the irregularities, where
we mark their location with a black arrow. The irregularities were amorphous, but
with density perturbations, ∆TEC/TEC greatly exceeding 10%. The ROTI maps
show elevated finger-like features lingering over Texas at 5:30 UT, co-located with
the elevated ∆TEC in the top row. The regions also populated with σTEC and SNR4
markers, indicating a simultaneous presence of irregularities ranging from ∼100 km
to sub 1 km. Later in the storm, after 7:30 UT σTEC occurrence has become preva-
lent over the SNR4, which is an observation of small-scale irregularity decay. These
observations are indicative of the EPB, which by definition, consists of irregularities
ranging from ∼hundred kilometers to meters (Ossakow, 1981; Hysell, 2000). In this
event, we measured irregularities as north as 45◦ MLAT, which maps to 6970 km
(L>2) in the equatorial plane.
This event serves as the benchmark due to the fact the EPB has been measured
in the airglow observation from McDonald Observatory, Fort Davis, Texas. The ob-
servations were presented (Martinis et al., 2015), and despite the fact, the authors
presented well-defined airglow depletions, which are proxy for F-region density de-
pletion, using an ASI with in-situ measurements of electron density perturbation,
the observations posed a controversy as the EPB signatures deviated from the ordi-
nary (Kil et al., 2016). Namely, the westward tilt and westward propagation of the
identified depletions were used as counter-arguments promoting the depletions could
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Figure 4·5: ASI images of 630 nm emission, taken from McDonald Ob-
servatory in Texas. Brightness is a proxy for F-region density, thereby
the poleward expanding regions of low brightness mark regions of low
density. (Martinis et al., 2015)
be as well interpreted as Medium Scale Traveling Ionospheric disturbances (MSTID).
We now put the ASI measurements from (Martinis et al., 2015), here presented in
Figure 4·5 in the context of the developed irregularity maps. The images are unwarped
and projected to 300 km altitude, assuming the height of 630 nm emissions. The time
epochs are chosen to present the expansion phase from Mexico over Texas, where
the McDonald Observatory is marked with a white dot in the center of the images.
The images show a coherent train of three longitudinally separated depletions, with
defined elongated structures at lower latitudes and highly structured boundaries at
higher latitudes. The airglow observations closely resemble the structures identified in
the GPS-irregularity maps. GPS irregularity maps have an advantage over the ASI
in the ability to identify larger spread of present irregularities, which are smeared
in the airglow images. These small-scale irregularities are the crucial observation
indicative of the EPB, which supports the EPB hypotheses and disproves the MSTID
as a possible source of the depletions.
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Figure 4·6: Scintillation indices binned in magnetic coordinates. Pixel
value represents average weighted scintillation index from Figure 4·3.
Lastly, we analyze the expansion of the EPB, using the amplitudes scintillation
index SNR4 as the proxy. We convert the geodetic coordinates of the IPPs into
geomagnetic coordinates and pixelate them with a resolution of 0.5◦MLAT and 15
minutes in MLT. The resulting image is a pixel-wise arithmetic average of contribut-
ing scintillation values multiplied by the total number of contributing values. The
scintillation local time dependence is depicted in Figure 4·6. Using the SNR4 as a
diagnostic (bottom panel), we determine the EPB arrived within the receiver network
Field-Of-View (FOV) at 20 MLT near 30 MLAT. The EPB then expanded poleward,
reaching ∼45◦ MLAT near 23 MLT. The scintillation then decayed in intensity but
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Figure 4·7: The same format as Figure 4·4, just for 2012-10-1 storm.
remained present at latitudes beyond 40◦MLAT until 3 MLT. Most of the scintillation
was gone by 4 MLT in the American longitude sector. The phase scintillation index
σTEC show quantitatively the same morphology in the area of EPB. Additionally, the
σTEC picked up another, a poleward detached band of irregularities, associated with
high-latitude and mid-latitude though phenomena.
We identified a few other space weather events that morphologically closely re-
semble the 1 June 2013 storm. In particular, we discuss highlights of the 1 October
2012 storm in Figure 4·7. Similar to the benchmark storm, irregularities identified
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Figure 4·8: The same format as Figure 4·6, just for 2012-10-1 storm.
on the ∆TEC and ROTI maps expanded poleward from Mexico to Texas at around
6:00 UT. The irregularities were measured by the ROTI and amplitude scintillation
index, whereby the irregularities reached 42◦ MLAT (5700 km in equatorial plane).
Again, the observations are indicative of the EPB, but optical images from McDonald
Observatory were not available during that storm. The EPB decayed faster than in
the previous event.
The spatiotemporal evolution of scintillation and irregularities is presented in
Figure 4·8. Following the amplitude scintillation keogram in the bottom panel, we
identify the emergence of the EPB at 19 MLT near 20◦MLAT, which advanced to 30◦
MLAT in about an hour. Further expansion took place right before local midnight
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near 23 MLAT and persisted for about an hour. EPB remained within the FOV
at latitudes below 30◦ MLAT until 6 MLT. Again the phase scintillation index (top
panel) followed the morphology of the SNR4, but again measured additional source
of irregularities at higher latitudes. Similar to the 1 June 2013 storm, these irregu-
larities resided near 50◦ MLAT and were longitudinally elongated in the geomagnetic
coordinates. The irregularities extended to the dayside ∼16 MLT, and persisted un-
til local midnight. Further investigation in this source exceeds the interest of this
manuscript.
The other two events with similar EPB expansion to mid-latitudes were recorded
during 29 June 2013 and 21 December 2014 storm. The EPB during these storms
were prevalent over the Caribbean and Florida. Further discussion of these events is
in Appendix A.
4.1.1 EPB trailing the sunset terminator
We discuss a subset of events with a distinct spatiotemporal expansion of irregulari-
ties. We describe the characteristics of EPB trailing the sunset terminator with the
23 June 2015 storm in Figure 4·9. In the first snapshot, TEC perturbations are iden-
tified in the ∆TEC, which were coherent and perpendicular to the sunset terminator
over California, at 40◦ MLAT. At that time, the irregularities diagnosed by ROTI
and scintillation indices were located just southeast of the terminator. An hour later,
at 5:00 UT, the single blob of elongated irregularities extended to the terminator, lo-
cated at 45◦ MLAT just over near Oregon. In this event, ∆TEC maps show coherent
perturbations elongated along the irregularities direction in the northwest-southeast
direction. The ∆TEC/TEC perturbations reached 20% at that time. The irregular-
ities measured by the other data products in the bottom panel, show co-location of
irregularities down to the scintillation scales on top of coherent perturbations with
∼300 km horizontal wavelength.
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Figure 4·9: The same format as Figure 4·4, just for 2015-6-23 storm.
We analyze the local time dependence using keograms in Figure 4·10. Amplitude
scintillation resided poleward of 30◦ MLAT for a few hours starting at 20 MLT,
spiking beyond 40◦ MLAT. These are the irregularities that trailed the terminator in
2D irregularity maps. Scintillation was present at latitudes near 30◦ MLAT until 3
MLT. A blob of elevated σTEC co-located with the amplitude scintillation is evident in
the top panel. The observations are again indicative of an EPB, with a simultaneous
presence of strong irregularities spanning over two decades in the wavenumber. The
EPB was measured at 45◦MLAT near Oregon before it traversed out of the FOV, or
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Figure 4·10: The same format as Figure 4·6, just for 2015-6-23 storm.
it decayed way. The apex of the corresponding bubble maps to beyond 7000 km in
the equatorial plane.
Two events with similar irregularity manifestations were found: 28 May 2017 and
26 August 2018 storm. Here we discuss only the former, while observations of the
August 2018 storm are discussed in Appendix A.
Irregularity maps in Figure 4·11 show extreme TEC perturbations with co-located
scintillation in at 2:00 UT. The region of irregularity is again trailing the terminator,
at a spatial shape approximately perpendicular to it. Auroral oval is identified in
the differential TEC map (top panel), as a longitudinally elongated region of elevated
∆TEC. The location o the oval is marked with an arrow. In the first time epoch, the
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Figure 4·11: The same format as Figure 4·4, just for 2017-5-28 storm.
auroral oval hosted irregularities at scales sensitive to ROTI and σTEC , but no scin-
tillation was observed. The observations indicate the irregularities occupied spatial
scales larger than 1 km.
At the second epoch at 5:00 UT, the irregularities covered the area between Florina
and Washington DC on the east and converging toward Washington state on the
west. At that time, smaller-scale irregularities were decaying with no scintillation.
On the other hand, larger-scale irregularities persisted as identified in the ∆TEC
maps. A clear separatrix between the irregularity sources can be observed by the
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Figure 4·12: The same format as Figure 4·6, just for 2017-5-28 storm.
spatial structure in the top panel. Like at the earlier time, the high-latitude portion
of irregularities have a distinct longitudinally elongated direction (marked with the
arrow). Whereas, the irregularities south of it are amorphous.
A spatiotemporal evolution of irregularities is depicted in Figure 4·12. The 2D
maps show an episodic extent of the irregularities, however, scintillation-wise, the
event relatively mild. Scintillation trailed the terminator near 20 MLT and extended
all the way up to 50◦ MLAT at 20 MLT. This blob of scintillation expanded to ∼40◦
MLAT at 23 MLT. At the same time, an additional region of scintillation emerged
at latitudes around 30◦ MLAT, which was distinctly separated from the other region.
The latter region was present until 3 MLT.
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4.2 Summary
Eight years of data between 2012 and 2019, were used to identify GPS scintillations
at mid-latitudes. We found nine days with elevated scintillation activity, among
them, all events occurred during a geomagnetic storm. The Dst index characterized
the storms, and associated geomagnetic activity (Kp index), Auroral Electrojet index,
and the interplanetary magnetic field. We found the storms’ intensity ranged between
-51 nT and -204 nT with mean storm strength of -125 nT. The geomagnetic activity
measured by the Kp on average peaked 3 hours before the storm peak, with a mean
of Kp=6+. The storms were driven by a long-term southward oriented IMF, with
an average duration of 10 hours. Consequently, auroral electrojet was elevated for
10 hours prior to the peak of the storm. Scintillation profiles aligned by the Dst
peak revealed that scintillation during seven storms peaked during the storm’s main
phase. The two others were outliers and will are analyzed in separate chapters. Out
of the seven storms, we analyzed events with the highest fidelity observations, and
the most profound GPS scintillation activity at mid-latitudes. For all of them, we
found the irregularities’ producing scintillation resemble spectral characteristics of
the equatorial plasma bubbles.
The majority of events resemble the EPB. We analyzed a few in greater detail.
In particular, we defined the benchmark mid-latitude EPB event with the 1 June
2013 storm. While the initial airglow observations were published and caused con-
troversy regarding the source analysis, we presented critical evidence from the novel
GPS scintillation maps. Namely, the GPS-derived irregularity maps promote the
EPB hypotheses, while they disregard the MSTID as a possible source of the airglow
depletions. We analyzed additional event with the EPB expansion over Texas, the 1
October 2012 storm. Two more storms show similar behavior, just with the EPB ex-
pansion over Florida instead are discussed in Appendix A. A common spatiotemporal
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characteristic is that the irregularities, including scintillation, expanded poleward up
to ∼40◦ MLAT in the pre-midnight local time. The irregularities then slowly decayed
at higher latitudes and were mostly gone by 4 MLT.
We introduced another subset of mid-latitude space weather phenomena, in which
irregularities trail sunset terminator, and expand poleward with time. The events
consist of multi-scale irregularities, with a spatial figure resembling the EPB. In these
events, the EPB was singular, and expanded further poleward up to 50◦ MLAT.
The mid-latitude portion of scintillation was therefore short-lived, as the scintillation
was present for about one hour, with emergence time near 20 MLT. In these events,
another area of scintillation was observed, clustered between 15–30◦ MLAT, lasting
between 20 MLT and 4 MLT. We introduced these events using the 23 June 2015
and 28 May 2017 storms. A similar space weather event was observed during the 26
August 2018 storm, which is discussed in Appendix A.
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Chapter 5
A case study: 8 September 2017 Storm
In this chapter, we analyze GPS-derived observations during the 8 September 2017
storm. The outlier within the nine space weather events with the most intense scin-
tillation. We use a multitude of GPS derived maps to analyze the irregularities’
spatiotemporal evolution, intensity, and location within the large-scale TEC struc-
tures. We employ in-situ observations to validate the irregularity location and spectral
properties. We discuss the electrodynamics of associated structures using conjugate
ionosphere-magnetosphere measurements. Lastly, we compare the observations with
the storm from September 2001, during which the first GPS scintillations were ob-
served.
5.1 Analysis of the storm
We examine the time period of six days surrounding the 8 September 2017 geomag-
netic storm. The solar wind and geomagnetic indices for this time period (5th to 11th
September 2017) are presented in Figure 5·1. The solar wind speed Vsw shows that
two solar wind shocks hit the magnetopause on the 7th September. While the first
shock arrived with predominantly northward (positive Bz) interplanetary magnetic
field, the second was accompanied by a strong (∼-30 nT) southward IMF (negative
Bz). The latter shock facilitated the increase of the ring current (the SYM/H index).
The shock marks the storm sudden commencement (SSC) at 23:00 UT. The storm’s
main phase overlapped with elevated high-latitude geomagnetic activity measured by
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Figure 5·1: OMNIweb solar wind and geomagnetic indices from for
the time period between 5-11 September 2017. (a) Interplanetary mag-
netic field components in GSM coordinates. (b) Solar wind speed. (c)
Auroral electrojet (AE) index. (d) Ring current strength proxy via
SYM/H index.
the AE index.
The storm under investigation is particularly striking due to a plethora of space
weather effects that have occurred. Namely strong Ground Induced Currents in
Scandinavia (Dimmock et al., 2019; Piersanti et al., 2019), GNSS disruptions in
Europe (Berdermann et al., 2018), extreme plasmasphere erosion over Asian sector
(Obana et al., 2019), ionospheric irregularities over CONUS and Asia (Aa et al., 2018;
Aa et al., 2019).
We first examine the evolution of large scale ionospheric plasma structures using
GPS-TEC maps in Figure 5·2. We begin the analysis at around 22:00 UT on Septem-
ber 7th, an hour before the SSC. By that time, the IMF Bz was negative for two
hours (Bz∼10 nT). In the first three panels, we can identify increased mid-latitude
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Figure 5·2: GPS-TEC maps in the American longitude sector during
the 8 September storm.
plasma density indicative of the SED, the SED plume extending over Alaska into the
cusp, and an increase in the EIA density. At 1:00 UT, the auroral oval expanded
equatorward. The mid-latitude trough characterizes the equatorward boundary of
high-latitude convection.
In addition to the mid-latitude trough, another profound density depletion was
identified. This secondary trough extended in the northwest-southeast direction from
the sunset terminator to the equatorial ionization anomaly. The trough was sur-
rounded by density adjacent enhancements to the west and east. At 1:00 UT, the
secondary trough’s crosssection was ∼300 km, and it reached value ∼5 TECu. The
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westward-adjacent plume had a similar width, with the TEC exceeding 25 TECu.
The mid-latitude and the secondary troughs were separated until 3:00 UT. Then
the secondary trough channel began to dissipate. The trough dissolved with the
adjacent plasma by 7:00 UT, which was near the local midnight meridian. During the
decaying time, the secondary trough changed the spatial morphology from a defined
channel to a complex swirl. The global TEC maps show the secondary trough was
magnetically conjugate.
The elongated mid-latitude density structures were exceptional density features
for storm-time plasma dynamics. We will refer to the series of the mid-latitude density
perturbations as the mid-latitude density striations (MDS). Interestingly, the MDS
extended up to the trough equatorward boundary, the ionospheric manifestation of
the plasmapause (Yizengaw and Moldwin, 2005). Their local time position changed
with latitude, preceding the sunset terminator (red-dashed line on the maps) at higher
latitudes.
We now take a look at the development of the TEC perturbations using differential
TEC (∆TEC) maps in Figure 5·3. At the time of the SSC at 23:00 UT, there
were no density perturbations present. An hour later, a series of TEC perturbations
emerged over the northeastern and US areas, pointing toward the northwest-southeast
direction. The perturbations exceeded ±5% of the background TEC. These mid-
latitude perturbations are the MDS, identified in the TEC maps.
In the next hour, large scale and coherent perturbations expanded westward and
poleward to the mid-latitude trough. These coherent perturbations had horizontal
wavelengths in the range of 500-1000 km. At 2:00 UT, a breakup in the coherent
wave-field occurred, denoted with a black line in the 2:00 panel. The line separates
coherent, large scale perturbations north and west of the line and small scale amor-
phous perturbation to the south.
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Figure 5·3: Differential TEC maps in the American longitude sector
during the 8 September storm. The TEC perturbations are expressed
in percentage change, relative to the background TEC.
The breakup progression is noticeable in the next couple of panels, where small-
scale amorphous irregularities populate the are of previously coherent wave-field. On
the other hand, the relative strength of irregularities still exceeded ±5% throughout
the time. After 3:00 UT, a quiescent region just south of the perturbations expanded
poleward. A clear separatrix was identified at a 5:00 UT panel, having a distinct,
skewed shape. If compared to the TEC maps, the separatrix follows the line of the
decaying secondary trough.
Next, we analyze irregularities with ROTI maps following Figure 5·4. At the time
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Figure 5·4: 30-s ROTI maps in the American longitude sector during
the 8 September 2017 storm.
of the SSC, only the high-latitudes are illuminated by elevated ROTI, a signature of
particle precipitation. At 24:00 UT, ROTI map indicates an equatorward expansion
of the auroral oval, similar to the GPS-TEC observations. Additionally, there were
two adjacent northwest-southeast regions of elevated ROTI over the northeastern
US, co-located with the area of elevated ∆TEC. The perturbed region resided in the
dayside ionosphere.
The irregularity region profoundly intensified and expanded in the next hour,
exceeding values of 2 TECu/min, which is unprecedented for the sub-auroral region.
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Figure 5·5: Scintillation maps overlaid on top of GPS-TEC maps
during during the 8 September 2017 storm. Red dots designate phase
fluctuations characterized by the σTEC index. Amplitude fluctuations
characterized by SNR4 index are designated by blue-to-green × mark-
ers.
The irregularity region then expanded westward and got progressively narrower in
time. The irregularities were leading the sunset terminator for at least two hours in
local time. After 2 UT, the region of elevated ROTI reshaped along the skewed line
we identified in the TEC maps. Most of the irregularities over the continental US
decayed away by the local midnight (∼7:00 UT).
We evaluate the presence of small scale irregularities utilizing scintillation indices
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computed from the 1-second GPS receivers. Spatiotemporal evolution of phase σTEC
and amplitude SNR4 fluctuations, and their spatial relation to the large scale TEC
structures is presented in Figure 5·5. Recalling the observability limits assuming
irregularity drift of 1 km/s: σTEC captures irregularities at spatial scales of ≤10, and
SNR4 spatial scales smaller than 1 km.
The first two panels show an early increase of phase fluctuations in the northwest
US, located at the poleward boundary of the SED. In the next hour (1:00 UT),
the phase fluctuations rapidly intensified and spread over the continent, mainly the
direction of the secondary trough in the sunlit ionosphere. Amplitude scintillation
was present only at low-latitudes, clustered along with the MDS.
An hour later, at around 2:00 UT the maps show a change in phase fluctuations
morphology near the mid-latitude trough. There are two distinct, meridionally sep-
arated regions; one poleward within the auroral oval, and the other near the TEB.
The most intense phase fluctuations equatorward of the TEB in the direction to-
ward within the secondary trough. At that time, scintillation was predominant in the
night-time low-latitude portion of the MDS.
Later, the mid-latitude phase fluctuations decayed rapidly, but scintillation in-
creased. During the time-period between 3:00 and 6:00 UT, the scintillation was
located along the density gradient line, identified in the previous maps. All scintilla-
tion activity was gone by 7:00 UT, consistent with ROTI observations.
We analyze the duration and strength of scintillation occurrence for two days in
Figure 5·6. We investigate irregularity contributions by latitude bin, where we distin-
guish between low- (blue line), mid- (red line), and high-latitudes (black line). Here,
we use the network-averaged values of ROTI, σTEC , and SNR4. ROTI contributions
were prevalent at high-latitudes, caused by the particle precipitation. Only during the
storm, time-series profiles from mid- and low-latitudes got elevated. Contributions
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Figure 5·6: Time-series of weighted irregularity diagnostics. Scin-
tillation indices were computed as epoch-median value, normalized by
number of events N . Contributions are computed separately for low-
(black), mid- (red), and high-latitudes (blue). (a) ROTI time series are
the 75th percentile value of total receivers per region. (b) Median σTEC
value normalized by total number of events N (σTEC ·N). (c) Median
SNR4 value normalized by total number of instantaneous scintillation
events N (SNR4 ·N).
of phase fluctuations captured by the normalized σTEC generally follow the ROTI
morphology. However, during the storm main phase, the mid-latitude contribution
exceeded the high-latitudes. The dependence of ROTI and σTEC on the auroral ac-
tivity is depicted by the AE index (gray) in the middle panel.
Amplitude fluctuations were mostly confined to low-latitudes, and show two dis-
tinct peaks. One co-located with the σTEC intensification, and the other later in
the recovery phase. The relative timing with respect to the storm is indicated with
the SYM/H line in the bottom panel. Simultaneously with low-latitude scintillation
enhancement, the mid-latitude scintillation was elevated but much weaker. As it has
been observed on the maps, the amplitude fluctuations were elongated along the sec-
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Figure 5·7: Scintillation indices binned in magnetic coordinates. Pixel
value represents average weighted scintillation index.
ondary trough boundary, with scintillation intensity rapidly decaying with latitude.
The two peaks could be traced back to the maps in Figure 5·5; the first peak arose
during the development of the MDS, whereas the second resided over central America,
distinctly separated from the mid-latitude processes.
The phase fluctuation occurrence had three distinct peaks, which correlate well
with the AE index (gray) intensifications in the background. The correlation is ex-
pected as the AE is a proxy measure of auroral activity, which is the predominant
source of phase disturbances at high-latitudes. The second increase in σTEC , is dis-
proportional to the AE enhancement and is correlated with an increase in SNR4.
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Scintillation local time dependence is presented in Figure 5·7. Top panel shows
local time dependence of the phase fluctuations showing an intense area near 50◦
MLAT, as early as 16 MLT. The are bifurcated to two distinct region separated in
latitude. 2D maps indicated this separatrix region as the mid-latitude trough. The
scintillation keogram in the bottom panel shows two distinct regions with scintillation.
The low-latitude region that emerged near 20 MLT and lasted until 1 MLT. The other
region was co-located with the mid-latitude phase fluctuations. The keogram shows
the region of scintillation extended to the region of the mid-latitude trough near 18
MLT. This region of scintillation decayed away by 23 MLT.
5.1.1 Development of density irregularities at multi-scales
We now determine the spatial scales of irregularities as a function of time during the
MDS expansion. We utilize simultaneous snapshots of ∆TEC, ROTI, and scintillation
maps in Figure 5·8. The first perturbations arose at 23:15 in a triangular region over
the northeastern US, pointing toward the southeast. In the next 15 minutes, the
perturbation intensity increased. The polar cap rapidly expanded equatorward, as
identified by the ROTI maps. However, there was no ROTI colinear with the elevated
∆TEC in the northeastern US.
In the next panel, at 23:45 UT, the ∆TEC shows multiple coherent perturbations
with an apparent horizontal wavelength of about 500 km. At the same time, ROTI
values became elevated under the area of coherent perturbations. Therefore, we
identify a time lag of ∼30 minutes between ∼500 km waves and elevated ROTI (<50
km). The development took place in the sunlit ionosphere, preceding the sunset
terminator.
While the ROTI progressively intensified over time, it was consistently following
the region of elevated ∆TEC. It took about 1 hour (00:45 UT) for the phase fluctua-
tion measured by σTEC to catch up. This temporal evolution of density irregularities
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Figure 5·8: Development of density irregularities over northeastern
US. Each epoch consists of ∆TEC map (top) and 30-s ROTI (gray
scale) with overlaid scintillation indices (σTEC and SNR4). Red-dashed
line is the E-region terminator.
is an evidence of irregularity energy decay to smaller scales. We found that it took
∼30 minutes for the irregularity scale to decay from 500 km to 50 km; and the ∼1
hour for irregularities to reach scales of 5 km. Let us now calculate the energy of
decaying irregularities assuming the decay is turbulent in nature. We follow a concise
summary of the micro-structure of turbulent flow (Tatarski, 1961, Chapter 2), where
vl is a velocity fluctuation of scale size l. The characteristic period τl = l/vl specifies
the order of magnitude of the time required for the occurrence of fluctuations. The
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energy per unit mass of the fluctuation is given by E = v2l . Given the observations,
we assume that a mean scale of 250 km had a characteristic period of 30 minutes.
Thus the mean fluctuation velocity was 140 m/s and the energy carried by these ir-
regularities was E =20,000. The successive decay happened to mean scales of 25 km
at characteristic period of 60 minutes. The resulting energy was E=50. Therefore,
the Energy content difference over one decade in scale (250km to 25 km) had a slope
of p=-2.6.
The other important observation is the magnitude of density perturbations. In
Figure 5·9 we show total perturbation intensity. In the top panel, the coherent per-
turbations exceeded 10 TECu peak-to-peak, which is unprecedented observation. At
this time, ROTI values were elevated already (cf. Figure 5·8), reaching values ∼0.6
TECu/min, but there were no phase fluctuations at that point. The bottom panel
of Figure 5·9 at 00:45 UT, shows ∆TEC perturbation colinear with ROTI and phase
fluctuations. At this time, ∆TEC exceeded 20 TECu (±10 TECu) at apparent scale
sizes >500 km. Therefore, the region of large scale periodic perturbations, namely
the MDS, appear to be the source of smaller irregularities that developed in-situ by
virtue of the turbulent decay. The irregularities reached scales below 1 km, as mea-
sured by scintillation. Assuming the inertial scale of the irregularities was near 500
km, then the energy density content of ∼1 km irregularities was about seven orders of
magnitude smaller, assuming the power law with the slope p=-2.6. Phase fluctuations
and scintillations are normally absent from such coherent wave-fields at mid-latitudes.
However, the inertial intensity of TIDs is normally two order of magnitude smaller
(±0.1 TECu).
5.1.2 Decay of density irregularities
We now analyze how the irregularities dissipated following Figure 5·10, which depicts
two stages; early decay in the top row, and the region of persisting irregularities
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Figure 5·9: ∆TEC maps t the beginning of the MDS development and
at the apex irregularity occurrence. Colormap saturation increased as
a factor of 2 in the bottom panel.
along the secondary trough equatorward boundary. First, we identify the area and
density of irregularities that began diminishing at around 2:30 UT. As identified in
the previous section, this was the time the MDS began to dissipate. By 3:15 UT,
only irregularities at a narrow region along the MDS dissipation line remained. The
second row of Figure 5·10 shows irregularities two hours later when the scintillation
was still present. The spatial figure of diagnosed scintillation events unambiguously
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Figure 5·10: Later stage and decay of density irregularities over con-
tinental US. Each epoch consists of ∆TEC map (top) and 30-s ROTI
(gray scale) with overlaid scintillation indices (σTEC and SNR4). Red-
dashed line is the E-region terminator.
mark the spatial kink in the MDS dissipation line.
5.1.3 Scintillation localization
We now analyze the locations of scintillation regions, using the amplitude scintil-
lation index and the TEC. We utilize observations from three GPS receivers with
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Table 5.1: A subset of receivers (Rx) – satellite (SV) links used to
determine scintillation location
Rx name GLON GLAT receiver model SV
CN12 -76.7 18 Trimble NETR9 G21, G26
WMOK -98.8 34.7 Septentrio PolaRx5 G31, G32
P030 -100.5 41.7 Trimble NETR9 G14, G22
line-of-sights listed in Table 5.1. For each line-of-sight, we compare only the ampli-
tude scintillation index SNR4 with the TEC. With each receiver, we analyze one
measurement during the development and one for the decay phase. Further, we
use color-shading on the time-series plots to designate mid-latitude density features,
namely the secondary trough (T) in red, and plume (P) in green. The features are
defined in Figure 5·11.
Large scale density features are introduced with measurements taken from a GPS
receiver located in Oklahoma (WMOK) in Figure 5·11. First, we analyze the measure-
ments taken from the satellite G32. The line-of-sight swept from dense and smooth
mid-latitude plasma to the perturbed region of the MDS. The estimated TEC show
a sequence of episodic gradients exceeding 1 TECu per minute, and total changes in
background density above 10 TECu. After the link had passed multiple TEC gra-
dients, it stayed within the secondary tough until the low elevation angle cutoff at
∼3 UT. Simultaneous measurement of amplitude scintillation index SNR4 shows a
distinct increase within the steepest TEC gradient that lasted throughout the ad-
jacent trough. Another increase, though subtle, was measured about an hour later
within the secondary trough.
The second observation was taken with the G31 line-of-sight, capturing the decay
time. The trajectory direction with respect to the large-scale density structures was
similar to the previous satellite. Again, steep TEC gradients were encountered during
the transition across the mid-latitude plume. Namely, a transition through gradients
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Figure 5·11: Scintillation localization from the WMOK receiver, lo-
cated in Oklahoma, for two line-of-sight G32 (left) and G31 (right).
Top panels depict spatial coverage of the respective line-of-sight (cyan
trajectory) on top of the TEC map providing spatial context. Time-
epoch of the TEC map is the top right corner, and the position of the
line-of-sight at that time is marked by red x marker on the trajectory.
Bottom panels show time-series of estimated TEC (black), and ampli-
tude scintillation index SNR4 (blue). Bolstered line in the SNR4 are
times our algorithm classified as scintillation event. Magenta dashed
line is the receiver scintillation threshold. Green/red (plume/trough)
shading indicates the region within the mid-latitude density striations.
of ∼8 and ∼20 TECu in a time period of <15 minutes. The line-of-sight then tra-
versed promptly through the adjacent trough into the secondary density enhancement
equatorward of the main trough. During this time, high scintillation-producing irreg-
ularities resided within the plumes on either side of the trough.
Now we examine measurement from a receiver CN12 located in Jamaica presented
in Figure 5·12. The receiver was located near 30◦MLAT. Measurements from the satel-
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Figure 5·12: Same format as Figure 5·11, but for receiver CN12 lo-
cated in Jamaica, monitoring satellites G21 and G26.
lite G21 show TEC and scintillation occurrence in the region just west of the secondary
trough. Despite the vicinity of the secondary trough, the trough never traversed the
line-of-sight, so all measurements reveal temporal evolution of the westward-adjacent
plume. Regardless, the TEC plot shows perturbations in the order of 10 TECu, but
lacking the gradients observed from Oklahoma. Nevertheless, the amplitude fluctua-
tions were present within the areas of most significant TEC increases, where the total
intensity of the scintillation index SNR4 was > 2 larger than at the WMOK receiver.
The subsequent line-of-sight with G26 satellite crosses the secondary trough at
around 4 UT in a direction from west to east. The integrated density within the
trough was about 10 TECu below the adjacent plumes, and appeared to be absent
of TEC and amplitude fluctuations. Scintillations were present predominantly in the
plume west of the trough, within the region, the previous line-of-sight (G21) measured
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Figure 5·13: Same format as Figure 5·11, but for receiver P030 located
in Utah, monitoring satellites G14 and G22.
the scintillation.
Lastly, a receiver P030, located outside Salt Lake City, UT, probed the region
where the MDS converged with the mid-latitude trough. We examine measurements
from the G14 and G22 satellites depicted in Figure 5·13. First, the G14 trajectory
traversed the MDS northbound from the MDS to the mid-latitude trough. All the
TEC fluctuations and subtle increases in scintillation were measured within the MDS.
The G22 measurements probed the scintillation region during the irregularity
decay period. The trajectory path shows the line-of-sight traversed the MDS in the
southbound direction. While the area within the main trough appears smooth, a steep
density increase in the order of 10 TECu was measured along the irregularity line.
The region of increased density seems to be a reminder of the secondary plume with
embedded irregularities stretching down to sub-kilometer scales. The irregularities
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were present only near the peak of the plume, not extending further toward the
south. This is consistent with the previous results presented using ∆TEC and ROTI
maps in the previous sections.
In aggregate, we found a consistent pattern relating GPS scintillation to large
scale density structures. The intensity of the measured amplitude fluctuations was
proportional to the background density. Regions of measured scintillation were con-
fined within the MDS’s plumes and the gradients. The area outside the MDS did not
contribute to the scintillation.
5.1.4 In-situ measurements
We validate the ground-based measurements of line-integrated density estimates with
available in-situ data utilizing the Swarm and Defense Meteorological Satellite Pro-
gram (DMSP). Swarm measures electron density via Langmuir Probe (LP) at 1 Hz
(normal) and via Thermal Ion Imager a 16 Hz resolution (fast) when sufficient teleme-
try bandwidth is available (Knudsen et al., 2017). The DMSP is utilizing Retarding
Potential Analyzer (RPA) measuring ion density and composition at 1 Hz (Rich and
Hairston, 1994), the electron density is inferred via the assumption of quasi-neutrality.
Both constellation probe topside ionosphere, where Swarm A,C orbits are at ∼460 km
and Swarm B at ∼510 km altitude. Recent DMSP satellites F15-F19 were deployed
to ∼850 km sun-synchronous orbit, in dawn-dusk local time.
We first exploit the DMSP measurements as they were taken near the day-night
terminator. We exploit the conjugate nature of the density structures shown in the
TEC maps by means of field-aligned mapping measurements taken in the southern
hemisphere to the northern hemisphere. The density measurements are presented in
Figure 5·14. Each DMSP flyby trajectory is depicted on a TEC. Each panel consists of
the map and the time-series plots of measured electron density Ne and the detrended
density δn/n. We utilized a high-pass filter with a cut-off frequency of 0.01 Hz, which
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Figure 5·14: Measurements of in-situ plasma density and density
irregularities by the DMSP spacecraft. (Top row) DMSP spacecraft
trajectory (cyan) mapped along field lines to 350 km altitude in the
northern hemisphere. The trajectory is width-modulated (red) by the
irregularities’ envelope. (Bottom row) Time-series plots of electron den-
sity and (top) and density perturbations δn/n.
corresponds to a scale size of ∼750 km in the spacecraft’s frame of reference. The
δn/n is depicted on the map as the line thickness in order to put the measurements
in a context of the adjacent density features.
The first flyby was by the DMSP-F18 in the early period of the irregularity de-
velopment at around 23:50 on September 7th. The measurements were taken in the
southern hemisphere, and are presented in Figure 5·14a. The spacecraft encountered
the density perturbations (red shaded) between 30–46 MLAT. The perturbations ap-
pear smooth and prominent in the measured electron density. However, there is a tiny
residual in the high-pass filtered data, also seen on the map. At that time, the sec-
ondary trough is already present in the GPS-TEC map. However, it was subtle, and
the region of overlaying density perturbation corresponds to the region of coherent
irregularities on the differential TEC maps.
Next, DMSP-F18 flew through the northern-hemisphere part of the MDS in Fig-
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ure 5·14b. The satellite measured a more structured density plume, whereby the
irregularities resided on its poleward gradient north of 48◦MLAT. Lastly, about an
hour later, DMSP-F17 flew over almost the same area in the northern hemisphere,
depicted in Figure 5·14c. The F17 measured the distinct nature of the MDS lo-
cated equatorward of the main trough. At that time, two distinct plumes with the
secondary trough in the middle were measured. These in-situ measurements provide
direct validation of ground-based evidence for irregularities residing exclusively within
the MDS.
The F17 measurements were taken at the time of the P030-G14 measured scintil-
lation, described in previous section (Figure 5·13. The observations morphologically
agree with each other, where the GPS measurements suppressed the contribution from
the trough due to a drop in the in-situ density for almost an order of magnitude.
We compute Power Spectral Density (PSD) profiles of the measured irregularities
within the MDS (red-shaded). As the DMSP sampling cadence is 1 Hz and the speed
of the satellite is ∼7.5 km/s, the Nyquist cutoff for measured irregularities is ∼15
km. The PSD profiles are depicted in Figure 5·15. The first F18 flyby measured only
larger perturbations, as nicely depicted in the PSD profile (blue), showing a lack of
smaller perturbations. On the contrary, PSD profiles from the subsequent plots from
panels in Figure 5·14b-c show a continuous slope of p≈-5/3, down to the sampling
limit. This temporal evolution support ground-based evidence we developed using
different GPS data products.
Now, we perform a similar analysis of the Swarm data. We utilize three successive
electron density data (1 Hz) from Swarm A (SWA) satellite, as it traversed the area
of interest in the pre-midnight local time. The measurements are presented in Fig-
ure 5·16 with the same format used in the DMSP part. In the first southbound pass,
the SWA trajectory passed just east of the US, but within the TEC coverage. As
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Figure 5·15: High-pass filtered irregularity spectral density from
DMSP passes, red shaded in figure 5·14. Vertical dashed lines denote
frequency boundaries set by the high-pass filter (left), and sampling
rate (right).
shown in panel a, the SWA encountered the irregularities at three points: within the
mid-latitude density plume (near 40◦MLAT), the EIA (near 20◦MLAT), and at the
magnetic equator. We examine here just the mid-latitude portion of irregularities,
which we red-shade as we did for the DMSP. The irregularities within the plume were
distinctly separated from the mid-latitude trough and reached values δn/n ≈ 0.5.
In the next orbit, the SWA passes directly through the decaying secondary trough,
where it encountered depletion exceeding one order of magnitude. The depletion was
highly structured, with irregularities extending on either side of the gradient. In
the last orbit (Figure 5·16c), the SWA measured density irregularities at the trough
equatorward boundary. Spatial localization shows the latter region was the MDS
equatorward boundary. This was the region where the GPS receivers outlined its
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Figure 5·16: The same format as Figure 5·14, just for the Swarm A
satellite.
boundary with the scintillation signature.
Spectral analysis is performed on the mid-latitude irregularity regions marked in
Figure 5·16. We utilize the same approach as applied to the DMSP; however, we use
the 16 Hz density data, which was available for the last two passes. The resulting
PSD profiles are depicted in Figure 5·17. The first profile is the irregularities within
the secondary plume lingering over the Atlantic. While the sampling limit is at ∼16
km, the slope follows the −5/3 trend line. The subsequent passes in red and black
have a frequency range limit at ∼1 km. Both slopes follow the p=-5/3 trend-line to
the edge of coverage.
The high-rate in-situ measurements imply the turbulent spectra at 1 km, which
likely extends to smaller scales. Relating the measurements to the GPS data prod-
ucts, the SWA measurement provide in-situ evidence for ≤1 km irregularities, that
produced the amplitude scintillation. Namely, we presented scintillation observed by
the WMOK receiver from Oklahoma, which was located at the density gradient asso-
ciated with the decaying secondary trough. Additionally, the P030 receiver measured
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Figure 5·17: High-pass filtered irregularity spectral density from the
Swarm passes, red shaded in figure 5·16. Vertical dashed line denote
the 1 km spatial scale.
scintillation located within the plume, just equatorward of the MDS irregularity line.
This is the specific region that SWA traversed and measured the turbulent slope
Figure 5·14c.
In aggregate, we utilized in-situ measurements of the topside plasma density from
the DMPS and Swarm spacecraft to validate the ionospheric irregularity analysis done
by the ground-based GPS receivers. The spacecraft covered 6 hours of local time over
the CONUS area, during the period that GPS measured development and decay of
irregularities. Both DMSP and Swarm provide direct evidence for the irregularity
localization done by the GPS receivers. Namely, the irregularities resided within the
MDS, detached from the mid-latitude trough. Furthermore, the in-situ measurement
independently confirms the temporal decay of irregularities observed by the GPS
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Table 5.2: List of impulsive events during the 8 September storm
Number time [UT] event indicator
1 23:10 shock solar wind sped–Vsw
2 23:20 storm main phase Ring current–SYM/H
3 23:40 substorm auroral electrojet–AL
4 00:20 substorm auroral electrojet–AL
maps. In particular, the DMPS analysis provided evidence for temporal evolution
owing to fortuitous flybys over the region of the developing MDS. Lastly, fast Swarm
operation mode during the two orbits over the central US provided direct evidence for
the existence of ≤1 km irregularities in the are of measures amplitude scintillation.
5.2 Electrodynamics of the MDS
The 8 September 2017 storm is an ideal event due to a wealth of observations, in-
cluding some fortuitous ionosphere-magnetosphere spacecraft conjunctions. We ana-
lyze the electrodynamics associated with the MDS. First, we analyze the geophysical
drivers using solar wind measurements and geomagnetic indices in more detail fol-
lowing Figure 5·18. There, we identify four impulsive events that are summarized
in Table 5.2. The first event was the interplanetary shock, identified by an abrupt
increase in solar wind velocity Vsw. The second event denotes a rapid decrease in
the ring current, measured by a SYM/H. The last two events were two episodic (sub-
storm) auroral electrojet intensifications measured by the AL index. Note that before
the shock, the SYM/H was already decreasing as a response to the negative IMF Bz
turning at 20:30 UT.
Such impulsive events carry abrupt changes in an electric field transmitted from
polar ionosphere to equator almost instantaneously. Namely, change in interplane-
tary electric field couples directly penetrates to the equator at∼10% efficiency (Huang
et al., 2007b). Convection electric filed, specifically substorm impulses, penetrate to
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Figure 5·18: Interplanetary magnetic field, solar wind parameters and
geomagnetic indices for a time period of 9 hours adjacent to the storm
main phase. (a) Interplanetary magnetic field, (b) solar wind speed
(blue) and pressure (black), (c) Westward/Eastward (AL/AU) auroral
electojet indices, (d) SYM/H index (black) and planetary K index Kp
(red). Impulsive events are identified and enumerated (0)–(3).
low-latitudes if the region-2 (R2) current system does not provide sufficient shield-
ing (Kikuchi et al., 2010). However, it takes ∼15 minutes for R2 to respond and
shield the R1 carries electric field (Kikuchi et al., 2008).
We estimate the strength of the equatorial electrojet, and consequently, the in-
tensity of the Penetration Electric Field (PEF) utilizing low latitude magnetometers
from South America. We use data from Huancayo (HUA, Peru. 1.17◦ MLAT) and
Kourou (KOU, French Guyana. 8.62◦ MLAT), subtracting KOU from HUA eliminate
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Figure 5·19: Equatorial electrojet measured by low latitude mag-
netometers from Huancayo (HUA) and Kourou (KOU) on three con-
secutive days at local times of the storm. Markers are defined with
Figure 5·18.
the contribution of ring current (Anderson, 2002; Kikuchi et al., 2010). The estimated
strength of the electrojet-imposed magnetic field deflection is shown in Figure 5·19.
The magnetogram indicates a long-lasting equatorial electrojet (positive ∆H deflec-
tion), indicating an uplift at the equator. Utilizing statistical formulae (Anderson,
2002), ∆H ∼100 nT corresponds roughly to plasma uplift at equator vup ≈40 m/s.
The timing of the identified sudden impulses is marked on the magnetogram. Two
outstanding intensifications are aligned to the storm onset, labeled (2), and the sec-
ond substorm injection labeled (4). The long-lasting penetration is rare, however, it
has been identified by a handful of major storms in the past decades (Huang et al.,
2007a).
Co-located with HUA operates the Jicamarca Radio Observatory (JRO) ISR, mea-
suring vertical plasma profiles. Figure 5·20 shows the coherent backscattered signal
to noise ratio SNR fora a vertical beam. As depicted in the figure, strong backscatter
existed at times of penetration electric field. The backscatter came from small scale
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Figure 5·20: Coherent backscatter echoes from JRO ISR (gray scale).
Red plot is the GPS-derived TEC from the TEC maps. Enumerated
are impulsive events.
(3 m) field-aligned irregularities, characteristic to the ”spread-F,” or more accurately
equatorial plasma bubbles (EPB). It is observed that the backscatter echoes emerged
at 23:40 UT near 300 km altitude, and reached 900 km by 24:00 UT. The timing was
extremely early, and the shape of the initial echoes mimic ”broad spread F” usually
measured after midnight (Chapagain et al., 2009). The incoherent mode could not
track profiles through the storm, thus there are six hours of missing data.
5.2.1 In-situ MDS: Ionosphere
We examine now plasma parameters measured within the MDS by the DMSP space-
craft. Like the previous section, we exploited the magnetic conjugacy of the MDS, in
that we used measurements from southern and mapped them to the northern hemi-
sphere. DMSP probed the topside ionosphere at ∼860 km, measuring ion density,
composition, temperature, drift, and electron temperature. Note that electron tem-
perature from F18 is removed due to problems with the Langmuir probe. Secondly,
the ion drift meter aboard F17 has baseline issues, therefore cross-track (vy) and
vertical (vz) ion drift amplitudes are not calibrated. The measurements, however,
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Figure 5·21: DMSP measurements of resolved ion convection from
selected DMSP passes (F17 vectors lengths are erroneous; see text).
Trajectories are mapped to 350 km, matching the background TEC
maps.
are valid as guidance for direction and relative trend. All ion drift velocities are in
the Earth’s rotational frame of reference. Resolved vectors of horizontal ion drift
(from ram velocity vx, and cross-track vy) are in geographic coordinates and plotted
along the DMSP trajectories in Figures 5·21. The region of the mid-latitude trough
is magenta shaded, whereas the areas around the MDS are shaded in green. Individ-
ual time-series measurements of plasma parameters are depicted in Figure 5·22, with
matching DMSP flyby numbers D1–D4.
The first DMSP pass (D1) in Figure 5·21a by the F16 satellite probed the American
ionosphere sector right at the time of the first impulsive drop of the SYM/H. The
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horizontal flow vectors indicate a strong (∼1.6 km/s) SAPS flow that peaked near the
trough equatorward boundary (53◦MLAT), and it penetrated down to ∼40◦MLAT.
The sunward flow was associated with an upflow, reaching at ∼800 m/s, and extended
equatorward for ∼2◦. Then, the F18 (D2) passed right through an early stage of
developing MDS. Figure 5·21b shows an outstanding ion flow channel associated and
elongated along the underlying plume. Furthermore, flow perturbations are positively
correlated with the other density perturbations within the MDS. Perturbations in ion
temperature (Ti) were measured along with the MDS, which are in quadrature with
the density perturbations. The background Ti within the P1 plume was at about
1,200 K, whereas a subtle increase in Ti≈1,500 K was measured within density the
depletions. Vertical lines in the time-series plot highlight positive correlation between
density and flow, and negative correlation with Ti.
The subsequent flybys occurred an hour after the last impulsive event, at a time
when the MDS was fully developed. First, the F16 (D3) traversed over the western
United States, over the region where the MDS was entrained by the SAPS, and hence,
it was parallel with the mid-latitude trough (T0). The F16 measured unperturbed
SAPS flow encompassing both the T0 trough and the MDS down to 40◦ MLAT.
Vertical drift was negligible. At that time, electron density perturbations within the
MDS were already highly structured, maintaining characteristic enhancements at ei-
ther side of the secondary trough T1. Electron temperature (Te) was profoundly
increased within both troughs. Lastly, F17 in D4 pass traversed the area around
2:30 UT, at a time the MDS where already dissipating. Fortuitously, the F17-D4
passed across the MDS, where there was substantially wider standoff distance to the
main T0 trough. The F17 measured horizontal ion convection reversal in the adja-
cent troughs. Similarly, the flow equatorward of the troughs was generally directed
eastward, a signature of overshielding, that likely took over previously.
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Figure 5·22: DMSP measurements of ion density, electron and ion
temperature, and ion flows in the rotational frame of reference. red
shared region denote the mid-latitude trough, whereas the MDS are
green shaded.
In aggregate, in-situ ionospheric measurements show that the MDS density pertur-
bations are associated with flow channels. The density perturbations were generally
anti-correlated with plasma temperature, whereby the temperature at density troughs
was increasing over time. Steady horizontal ion flow along with the MDS got reversed
after ∼2:00 UT. That also marked the time of the MDS decay and the beginning of
the narrow MDS irregularity region. There was no consistent pattern in the vertical
ion flow. Lastly, ion density profiles indicate an increase of small scale irregularities
within the MDS over time, as discussed in the previous sections.
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5.2.2 In-situ MDS: Magnetosphere
The Radiation Belt Storm Probe A (RBSP-A) crossed the American longitude sector
during the MDS developing phase. Its trajectory mapped to the northern hemisphere,
350 km altitude, is depicted in Figure 5·23. The trajectory is overlaid on the TEC
map (00:25 UT), when the spacecraft traversed the MDS region. The thickness of
the trajectory is modulated by the magnitude of the measured electric field from the
Electric Field and Wave (EFW) instrument (Wygant et al., 2013). The trajectory
is color-coded by the direction of the x-component of the electric field, which points
toward the sun (west at dusk local time). Two features stand out from the figure.
A narrow electric field enhancement, located just poleward of the dense TEC. The
second was a double hump intensification on edged of the secondary trough within
the MDS.
Figure 5·24 shows selected measurements with derived quantities. The electric
field measurements came from the EFW instrument, measured in the antenna frame
of reference (x’, y’, z’). The spin-plane components (Ey’, Ez’) are measured directly.
The component along the antenna boresight (x’) cannot be measured but is obtained
assuming zero parallel electric field. We then convert the electric field to the Solar
Magnetic (SM) coordinates (x, y, z). The next panel shows High-Frequency Ra-
dio (HFR) spectra. The upper-hybrid (fuh) emission is a continuous narrow-band
line in the HFR spectra, used to find the density structure. High energy ion flux
was measured by the radiation belt storm probe ion composition experiment (RB-
SPICE) (Mitchell et al., 2013) in panel c. Panel d is a lower energy (<50 keV) ion
flux from the Helium, Oxygen, Proton, and Electron (HOPE) instrument (Funsten
et al., 2013). The impulsive region identified on the map is marked on the panels.
RBSP-A was first located within the plasmasheet until ∼23:30 UT. It then en-
tered the plasmasphere. However, the plasmapause was not a single boundary, but
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Figure 5·23: RBSP-A trajectory mapped to northern hemisphere
(350 km), the spacecraft flew in a direction toward the Atlantic. Width
of of the trajectory denotes magnitude of the measured electric field,
color is modulated by the x-component electric field (proxy for zonal
component at dusk local time; positive west). Markers are explained
and defined in text. Background is a TEC map at 09/08-00:25 UT.
rather the satellite encountered multiple density gradients. This is consistent with
the structured density observed at the equatorward boundary of the mid-latitude
trough. The low-density region at ∼23:48 UT contains a fluctuating electric field,
indicative of the SAPS wave structure (SAPSWS) (Mishin et al., 2003). The space-
craft then traversed through the plasmasphere where encountered big fluctuation in
density (fuh). Therese fluctuations were associated with great excursions in the elec-
tric field, particularly the Ex component. The two peaks in the electric field were
co-located with density gradients adjacent to density depletion (T1). This depletion
maps to the secondary trough in TEC map, and the electric field excursions map to
its edges in (Figure 5·23). The trough T1 was surrounded by two regions of increased
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Figure 5·24: Selected RBSP-A measurements. (a) Measurements
electric field in solar-magnetic frame of reference, (b) high frequency ra-
dio spectra from the HFR instrument, upper hybrid plasma frequency
line is a proxy for electron density, (c) RBSPICE energy flux of high
energy ions, blue fiducial line is derived perpendicular ion pressure, (d)
HOPE energy flux of low energy (<50 keV) ions.
plasma density, which we denote as P1 and P2 plumes. Interestingly, another sig-
nificant depletion T3 was measured over the Atlantic, but we lacked ground-based
observations.
The stratified nature of the electric field enhancements is highly unusual, specifi-
cally in the context of the ring current (RC) measured by the RBSPICE and HOPE
(Figure 5·24c-d). The elevated ion flux reached L∼2.3, with the peak ion pressure
near L=2.8. The inner ion pressure gradient is the usual location of the outward
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Figure 5·25: Ion energy flux measured by the RBSPICE instrument
onboard RBSP-A in three successive orbits. Each part starts near local
dawn, and ends at local dusk time sector. Data gaps are due to instru-
ment shut down near perigee. Marked is a distinct enhancement in ion
flux at dusk in the second orbit. The enhancement is indicative of ring
current enhancement.
SAPS electric field. The elevated electric field at the P1 − T1 boundary resided at
the ion pressure gradient with P⊥ ∼1 nPa. The ion pressure was comparable to a
pressure near L=7-8 (Lui, 2003), and is capable of driving the R2 (Liemohn et al.,
2013). Thus the low conductance trough may amplify the electric field by virtue of
the positive M-I coupling feedback.
The position of the ring current and electric field enhancements at its inner bound-
ary was profound, as the measurements were taken near 18 MLT, within 30 minutes
after the substorm injection (events 3). The RC injection is nicely seen in RBSP-
A consecutive passes depicted in Figure 5·25. Here, the passes have dawn-to-dusk
orientation, as the perigee was at the night-side during the time period. A distinct
elevation in ion flux is marked as the RC injection.
Lastly, we utilize the IGRF-12, and electric field mapping scaling factors (Mozer,
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Figure 5·26: Direct comparison of ionospheric and magnetospheric
drift speeds. (a) Measurements of the horizontal ion flow (red) and ion
density (black) by the DMSP-F18. (b) Estimated ion flow magnitude
at the DMSP height (850 km) by the RBSP-A measurements of electric
field. The procedure is defined in text. Magenta and green shading is
defined in Figure 5·24. (c) DMSP and RBSP-A trajectories over GPS-
TEC map at 00:10 UT, in the time between both measurements over
the MDS.
1970), to compute magnitudes of E×B drift (V ′ExB) at DMSP altitude (850 km),
assuming the RBSP-A measurements. Furthermore, we compare the estimated drift
to the drift measured by the DMSP F18-D2, which probed the MDS 30 minutes
earlier, in Figure 5·26. The DMSP drift speed at the density enhancement (P1)
gradient peaked at 1.6 km/s, reduced to ∼500 m/s in the trough (T1), and increased
to 1.2 km/s at the other edge with P2. The estimated ionospheric drift from the
RBSP-A (V ′ExB) reached 1.3 km/s at the P1 − T1 boundary, and 1.6 km/s at the
other boundary. The V ′ExB within the trough was ∼400 m/s.
Conjugate spacecraft observations directly show the field-aligned mapping of the
electric field. Furthermore, the conjugate measurements unambiguously confirmed
the dynamics of the MDS were associated with the density gradients. The RBSP
observations promote a hypothesis interpretation that the MDS formed as a result
of the M-I coupling, driven by periodic electric field enhancements at the inner mag-
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Figure 5·27: Measurements from Cornell University (Ledvina et al.,
2002). (a) Dst index during the disturbed time period (top), measured
signal intensity (middle) and TEC (bottom) from satellite G31, for
a time period that is shaded in gray in the top panel. (b) and (c),
amplitude scintillation index S4 and TEC for two most effected lines of
sight G27 and G31, respectively.
netosphere. Therefore, the secondary trough formed by virtue of enhanced transport
and elevated recombination (Schunk et al., 1976).
5.3 Retrospective analysis and comparison
In this section, we compare high fidelity observations of the September 2017 storm
with similar observations from two storms from solar cycle 23. First, we re-analyze
observations of unprecedentedly strong GPS scintillation measured in the northeast-
ern US in September 2001 (Ledvina et al., 2002; Mishin and Blaunstein, 2008). These
observations were the crucial catalyst for this work, as the observations haven’t been
explained. The most important observation is retrieved in Figure 5·27. Two most
affected satellite signals are highlighted, whereby scintillation from G27 satellite is
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Figure 5·28: Time-series plots of TEC, ∆TEC, and ROTI for receivers
CORB (left) and DET1 (right). Receiver’s make and model is listed in
top panels.
compared against the TEC in panel a. The scintillation occurred near the peak of
the storm that reached Dst≈-100 nT. Scintillation measured by the signal power was
located at >20 TECu gradient. Elevate scintillation persisted through the adjacent
area. Observations of scintillation index S4 show the scintillation lasted for ∼2 hours.
A synopsis of the storm observations storm is: (1) Intense amplitude scintillation was
co-located with >20 TECu gradients and adjacent density depletions. (2) Turbulent
density spectra was measured directly overhead with DMSP (Mishin and Blaunstein,
2008).
We utilize available GPS data from that day, and in Figure 5·28 present measure-
ments taken by two receivers: CORB located in Virginia (77.4◦W, 38.2◦N), DET1 lo-
cated in Illinois (83.1◦W, 42.3◦N). Commercial receivers back in 2001 did not compute
and save CNR nor signal intensity, hence the TEC is the only ionospheric measure we
could derive. Additionally, we choose receivers that were relatively close to Cornell,
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Figure 5·29: Selected measurements from satellites G27 and G31 and
spatial projection to the TEC maps. (a) Measurements from receiver
CORB, (b) Measurements from receiver DET1.
to make a relevant comparison (Ledvina et al., 2002). Nevertheless, we can observe
the receiver DET1, model ASTECH Z-XII3, experienced a series of faults seen in the
ROTI plots, which is indicative of cycle slips or losses of the lock.
The measurements show an episodic increase of irregularities near 23:00 UT on 25
September 2001, and they lasted for about 6 hours. A closer look to the TEC plots
show an increase in TEC, preceding the irregularities that were otherwise localized
in the descending slope of the TEC. We concentrate on the two satellites with the
most intense scintillation (Ledvina et al., 2002). The measurements with the satellite
trajectory projected on the TEC maps are presented in Figure 5·29. We can observe
that CORB receiver, located near Washington DC, measured subtle irregularities,
superposed on the declining TEC. The ROTI is our only measure of irregularities,
which reached ∼1 TECu/min at its climax. On the contrary, receiver DET1 from
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Figure 5·30: Snapshots of GPS-TEC. Vertical red-dashed line rep-
resents E-region (100 km) terminator. Mid-latitude density features,
plumes P and troughs T , are identified and marked in the second panel.
Illinois lost its lock for 20 minutes during the most severe period. When the receiver
locked back, the irregularities persisted for one more hour.
2D projection reveals the source of the density irregularities and consequently im-
pacts on the receivers. Localized TEC enhancement, located just poleward of CORB,
and its way across toward DET1 was the source of the most intense irregularities. The
enhanced density patch was located south of the mid-latitude trough, seen as zonal
depletion in the TEC. The temporal evolution of the large scale density features is
depicted in Figure 5·30. The timing, TEC morphology, and associated irregularities
resemble the observation of the September 2017 storm, however, at much-reduced
resolution. Density enhancement, measured by the two GPS receivers, was an elon-
gated structure, pointing toward the southeast. Additionally, there was an adjacent
eastward trough trailing it while the plume and traversing westward. In turn, these
large scale mid-latitude density structures carried the irregularities that caused losses
of lock, and severe scintillation measured by (Ledvina et al., 2002).
The retrospective analysis revealed strikingly similar conclusions to the September
2017 observations. Namely, the irregularities were measured in the sub-auroral region,
located equatorward from the trough equatorward boundary. The irregularities were
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Figure 5·31: (a) Composite in-situ density reconstruction from
ROCSAT-1 satellite between 2000-7-15T22:00 and 200-7-16-6:00. (b)
Schematic illustration of density features with respect to the location
of SED, magnetic equator and the SAA. Arrows denote horizontal ion
flow direction. (Lin et al., 2007)
located within a plume and a trough, which resemble the MDS from September 2017
event. Likewise, DMSP flyby measured irregularities at slope p=-5/3 (Mishin and
Blaunstein, 2008), similar to the slope we obtained during the September 2017 event.
Unfortunately, in 2001 GPS data was low fidelity and scarce.
Lastly, periodic density perturbations were observed at lower latitudes during the
15 July 2000. We recall in-situ observations that were connected to the South Atlantic
Anomaly (SAA) (Lin et al., 2007). The observations are summarized in Figure 5·31.
Multiple orbits of the ROCSAT-1 satellite were combined into a composite image in
panel a. They found the low-latitude density perturbations were fixed in space for a
long time, with distinctly elongated shapes and magnetically conjugate. Schematic
geolocation of the Density Depletion (DD) and Density Enhancement (DE) is pre-
sented in panel b. The mutual location between the perturbations and the SED was
the same as we found in September 2017, and September 2001 events. The authors
discussed the interaction between penetrating the convection electric field from high-
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latitudes and the SAA. The SAA is usually characterized by higher conductance due
to radiation belt precipitation. Using a simple model, they have shown an increased
electric field assuming divergence-free horizontal current. Hence, they termed the
structured Magnetic Anomaly Density Structures.
5.4 Evaluation of plausible sources
In this section, we summarize the most critical findings from the analyzed events and
compare them to the results from older in-situ observations. We will consider possible
drivers of these episodic, yet not understood space weather phenomenon.
5.4.1 EPB Hypothesis
Looking solely at GPS-TEC maps, the MDS appear to have a base at low latitude
ionosphere, expanding poleward, which is indicative of the Equatorial Plasma Bub-
bles. This was first suggested by (Aa et al., 2019; Zakharenkova and Cherniak, 2020).
At first glance, the irregularities also appear to resemble EPB that trail the termi-
nator. Historical in-situ observations of similar (likely identical), mid-latitude phe-
nomenon (Brace et al., 1974; Greenspan et al., 1991; Foster and Rich, 1998; Huang
et al., 2007b), were inclined towards the EPB hypothesis, based on highly irregu-
lar density profiles. Likewise, leaning solely on TEC maps can be deceiving, as we
thoroughly discussed alongside the GPS observations of the September 2017 storm.
We consider the possibility of extreme EPB expansion, starting with the estab-
lished spatiotemporal morphology attributed to EPB discussed in Chapter 5. In these
cases, a poleward expansion of the EPB is evident by means of airglow depletion and
irregularity maps. Additionally, their density signatures consisted of a wide range
of irregularities, indicative of the topside non-linear bubble decay mechanisms, that
allow the bubble expansion past the F-peak in the first place (Ossakow, 1981). We
have shown a handful of examples where a GPS-derived maps shows EPBs in action.
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Figure 5·32: (a) In-situ measurements of signature plasma density,
vertical ion drift, and horizontal ion drift. (Huang et al., 2010) (b)
Spectral density of vertical TEC fluctuations as a function of local time,
for several latitudinal distances away from equator. (Retterer, 2010)
Chief evidence that points in favor of the EPB were the impulsive penetration
(eastward) electric field (PEF) at the magnetic equator. The eastward electric field
at low latitudes accelerates poleward plasma transport due to the combined effects
of the PEF, the polarization electric field at the sunset terminator, and the reduced
magnetic field magnitude in the SAA vicinity. The PEF was present in the equatorial
region for ∼5 hours, with two prominent intensifications. The eastward electric field
is the leading driver of the EPB (Martinis et al., 2005), especially in the presence
of impulsive events (Kil et al., 2007), when the plasma uplift within the bubble can
reach supersonic speeds (Aggson et al., 1992).
The EPB is inherently an electrodynamic phenomenon, driven by the eastward
electric field in the ionospheric E-region. Figure 5·32 shows chief observational man-
ifestations (panel a) of electron density, vertical ion drift, and horizontal ion drift,
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whereas the spectral density of vertical perturbations is depicted in panel b. In-situ
observations of ion flows within the bubbles were surveyed (Huang et al., 2010), and
the flow (electric field) peaks near the center and taper off toward the edges. The
survey found that the horizontal drift is always in the opposite direction to surround-
ing plasma, namely westward inside and eastward outside. The irregularities start
at scales set by the collisional RTI. When the bubbles reach the F-peak they expand
further if secondary instabilities develop, with internal gradients fostering the further
uplift (Ossakow, 1981). Hence, the spectral density profile occupies the spectra from
long-scales set by initial RTI, down to ∼meters, which are sensed by a radar. Panel
b of Figure 5·32 illustrates this development as a function of local time and lati-
tude. Bubbles that reach latitudes with apex beyond the F-peak altitude at equator
inherently embed a full spectrum of irregularities.
Let us recall the observation of the MDS, where DMSP-F18 made the in-situ
measurements between 30–46 MLAT. The spacecraft measured density perturbations,
however, only long scale ∼500 km ones. The horizontal flow was positively correlated
with the density perturbations, whereby it peaked at density gradients. There were no
flow reversals between plumes and troughs, and the bulk velocity was westward with
modulated magnitude. The flow pattern was furthermore measured in the equatorial
plane by the RBSP-A. The agreement was striking. Therefore, two questions stand
out:
1. Why is the flow pattern across the density depletion orthogonal to the ordinary?
2. Why was there no small scale plasma irregularities at ∼40 MLAT, which maps
to L=1.9 (5,700 km)?
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Figure 5·33: SuperDARN convection maps overlaid on TEC maps.
Blue vectors are resolved flow vectors from backscatter. Black vectors is
a divergence-free fit. Red circles mark the break up of coherent sunward
flow.
5.4.2 Current interpretation
We have shown and discussed several impulsive events at the storm onset. We utilized
the Super Dual Auroral Radar Network (SuperDARN) from Northern America to
compile high-resolution, local divergence-free maps of F-region E×B drift (Bristow
et al., 2016). We plot the resolved vectors together with the TEC for contextual
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Figure 5·34: Field aligned currents at two time-steps. Red is down-
ward current (R2), green is upward (R1) FAC. SuperDARN vectors are
overlaid to provide context.
purposes. Blue vectors on the map are resolved velocity flows from backscatter.
The first row of images shows the backscatter from the dayside region, presid-
ing over an elevated TEC, indicating the SED plume. The flow was rather coherent,
pointing sunward (westward). The location of the backscatter progressively expanded
equatorward. At 23:30 UT, the flow near 18 MLT began diverging, pointing equator-
ward. The region is marked with a red circle and persisted for more than 30 minutes.
About 15 minutes later, the secondary trough extending toward Florida became vis-
ible in the given color-limit, interestingly it was elongated toward the flow break-up.
The connection observed until 00:10 UT when the auroral oval expanded beyond the
SuperDARN coverage.
In conjunction with the flows, high-latitude field aligned current maps were de-
rived using available AMPERE data (Anderson et al., 2014). Due to the lack of data
in the satellite constellation transition period, data assimilation approach was used
to produce maps of FAC (Shi et al., 2020). Data was available only of the day of
September the 7th, nevertheless enough to capture the crucial break-up measured by
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the SuperDARN. In Figure 5·34, we show a transition between 23:40 to 23:50 UT.
Here, green color marks the R1 FAC system, and red the R2 FAC. this transition
marks the impulsive event (3), an abrupt intensification in the auroral electrojet.
Episodic intensification and FAC reconfiguration took place between 23:40 and 23:50
UT, indicative of a substorm. The truly striking observation is its location. Namely,
the reconfiguration took place near 18:00 MLT, near sunset terminator. The equator-
ward SuperDARN flows were pointing out from the substorm, and swirled on either
side at lower ∼50 MLAT.
The GPS maps revealed that the development of the MDS accelerated at that time.
As the substorm penetration of the electric field is a well-studied phenomenon (Ebi-
hara et al., 2014; Hashimoto et al., 2017), it was the most likely source of the electric
field necessary to accelerate the plasma. Additionally, SuperDARN flow divergence
is indicative of a substorm onset, as the flow swirl in the ionosphere is a consequence
of enhanced and localized FAC carried by precipitation electrons. A simulation of
intense substorm RC injection and the manifestation of associated electrodynamics
was shown (Yang et al., 2012). A result of their model run is depicted in Figure 5·35.
The resulting flow vectors directly mimic the SuperDARN observation, confirming the
FAC-SuperDARN results to be indicative of a substorm injection near 18:00 MLT.
While the resulting flows are relatively constrained to the location of the substorm
onset, the electric field (pointing toward the center of the injection) has been shown
to penetrate to low-latitudes (Yang et al., 2012; Hashimoto et al., 2017).
5.5 Summary
The 8 September 2017 storm was identified as an outlier in GPS scintillation oc-
currence in terms of intensity and timing. We presented a detailed analysis of the
irregularities, scintillation, and possible geophysical drivers. We compared the storm
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Figure 5·35: Electron precipitation energy flux (gray scale) and the
resulting E×B drift (color arrows) of a substorm injection. The injec-
tion took place at 60 min simulation time. (Yang et al., 2012)
observations with a scarce set of available data from the September 2001 storm, which
was the primary catalyst for pursuing this work in the first place. We identified crit-
ical similarities, in terms of geomagnetic drivers (Dst=-125 nT), timing (dusk), and
underlying TEC structures that supported scintillation producing irregularities (a
sequence of plume and trough).
First, we identified the initial density perturbations were coherent with a hor-
izontal wavelength of ∼500 km, oriented in a northwest-southeast direction. The
perturbations were expanding toward higher latitudes, leading the sunset terminator.
The coherent perturbations exceeded 50% of the background TEC and 20 TECu.
With a time lag of ∼30 minutes, ROTI maps identified the irregularities at <50km
were developing within the area of coherent perturbations. It took one more hour for
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smaller-scale irregularities to develop within the same area. The region of irregulari-
ties was distinctly separated from the mid-latitude trough with initially very defined
spatial structure. After the storm began settling down, the region rapidly dissolved
into a skew line stretching between northwest and the southeast US. The region of
irregularities shrank to a narrow region along this MDS equatorward boundary and
persisted for few more hours. This region contained scintillation-producing irregu-
larities. The turbulent nature of irregularities was directly measured by Swarm and
DMSP satellites. Likewise, in-situ measurements validate the localization of irregu-
larities with respect to the large scale density structures. A detailed analysis carried
out by three GPS receivers revealed the scintillation producing irregularities were
located at the density gradients, and just inside the adjacent plumes.
The source analysis was a two-fold investigation. First, we utilized fortuitous
spacecraft conjunction between the DMSP in the ionosphere and RBSP in the mag-
netosphere. In the ionosphere, we found smooth density perturbations with positively
correlated ion flow fluctuations pointing westward. The flow channels exceeded the
speed of 1 km/s. The density perturbations were anti-correlated with plasma temper-
ature, that is, elevated ion and electron temperature within the density depletions.
The RBSP probed the MDS in the equatorial plane, lagging the DMSP by 30 min-
utes. The in-situ profiles of the electric field and plasma density resemble the DMSP
measurements. In particular, distinct enhancements in the electric field were located
at the density gradients. When mapped to the ionosphere, the resulting ion flow
speed matched well with the one measured by the DMSP. One electric field intensi-
fication was located at the inner ring current boundary with ion pressure ∼1 nPa.
This is a location where the ring current normally plays a dominant role in producing
the electric field and currents. In the second part, we investigate the role of episodic
auroral electrojet intensifications during the storm main phase. We utilized Super-
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DARN derived high-latitude convection and spacecraft derived maps of field-aligned
currents. We discovered a striking observation, showing vorticity in the convection
with the co-located sudden reconfiguration of the FAC, which is indicative of a sub-
storm injection. The location of the injection was near 18 MLT, right at the sunset
terminator. We suggest the substorm injection played a crucial role in developing
the electric field at sub-auroral latitudes that interfered with low-latitude processes,




The other scintillation event that felt under outliers was the 21 December 2015 storm.
In this chapter we analyze the observations, compare them with the other mid-latitude
events, and put them in context of established scintillation morphology.
6.1 Background
Convective Ionospheric Storms (CIS) in the low-latitude ionosphere have been a sub-
ject of intense theoretical and experimental studies. The CIS (Woodman and La Hoz,
1976; Ossakow and Chaturvedi, 1978; Hysell, 2000; Kelley et al., 2011) destabilizes
ionospheric plasma near the magnetic equator by virtue of the Rayleigh-Taylor Insta-
bility (RTI), producing episodic plasma depletions (bubbles) that penetrate through
the topside ionosphere and then advect down the field lines, stretching between the
Equatorial Ionization Anomaly (EIA) peaks (Hysell, 2000; Groves et al., 1997). As
described in the problem definition, the most intense EPB occur after sunset in a
presence of the eastward electric field. This electric field is normally a manifestation
of the pre-reversal enhancement (Farley et al., 1986), an enhancement in the electric
field at the sunset terminator gradient. The foundation of the eastward electric field
is the necessary product of day-to-night transition of vertical electric field direction in
the electrostatic ionosphere (∇×E = 0) (Kelley, 2011). The phenomenon has most
profoundly controlled by seasons and solar EUV flux (Scherliess and Fejer, 1999).
Namely, the effect peaks at equinoxes and at solar maximum.
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Secondary perturbations to the equatorial dynamo are imposed by high latitude
processes: penetration of interplanetary and convection electric fields (Kikuchi et al.,
2008; Huang et al., 2007b), and neutral wind dynamo fostered by atmospheric heating
at high-latitudes (Blanc and Richmond, 1980; Scherliess and Fejer, 1997). Prompt
penetration electric field by the former is effect is modeled by using the auroral
electrojet (AE) and has a time constant of about 1 hour (Fejer and Scherliess, 1997).
The latter process has a much bigger time scale, and the effects at the equator come to
an effect at time lags of 1-10 hours, and 18-32 hours (Scherliess and Fejer, 1997). The
short-term disturbance dynamo generates upward velocities at night, namely the same
effect the eastward electric field does via the E×B drift. In turn, the resulting uplift
is the critical parameter controlling the RTI as described in introductory sections.
A consequence of the RTI are the EPB advecting down the field lines to the
EIA, producing radio scintillations (Aarons, 1982; Basu et al., 1988; Groves et al.,
1997), with a peculiar local time occurrence pattern that closely follow the equatorial
dynamo. Thus, the scintillation emerges after sunset and extends into post-midnight
sector (Basu et al., 1988; Béniguel et al., 2009; de Oliveira Moraes et al., 2017;
Béniguel, 2019). The scintillation dies off later in the night due to low density. this
is specifically true during increased electric field penetration facilitating increased
poleward transport that leaves a void in the equatorial plasma density (Immel et al.,
2005).
Sporadic observations of EPB at pre-sunrise local time have been reported (Burke,
1979; Fukao et al., 2003; Zakharenkova et al., 2015; Wu et al., 2020), however not
much attention was given to these events. A review of post-midnight EPB actually
shows that they preferably occur during geomagnetically quiet summer months of
low solar activity (Otsuka, 2018). Nominal statistics of amplitude scintillation (Basu
et al., 1988; Béniguel et al., 2009; Jiao and Morton, 2015; de Oliveira Moraes et al.,
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2017) do not capture these events, hence they carry large information. Additionally,
a survey by (Otsuka, 2018) shows that these post-midnight EPBs typically do not
produce any scintillation at GPS frequencies. Conversely, some case studies (Fukao
et al., 2003; Zakharenkova et al., 2015; Wu et al., 2020) show dawn-time EPBs during
winter months and at geomagnetically disturbed times, just like the event we present
in this study.
6.2 Storm analysis
The scintillation event under investigation took in a recovery phase of the 21 December
2015. The solar wind conditions and geophysical indices are depicted in Figure 6·1.
High speed solar wind with northward oriented interplanetary magnetic field (IMF)
hit the magnetopause on the 19 December 2015. The IMF turned southward on the
next day, fueling a geomagnetic storm intensification as indicated by the SYM/H
index (same as Dst just with better time resolution). The storm reached its peak
at SYM/H ∼ −150 nT, with the Planetary K index (Kp) reaching 7− during the
storm main phase. The storm main phase was accompanied with several intense
substorm intensifications, with the Auroral Electrojet index exceeding 1000 nT. The
IMF remained southward for a period of about 30 hours. The scintillation event
described below was recorded in the American longitude sector and it occurred in the
storm recovery time period, indicated by the two vertical lines. The IMF rotated from
predominantly southward (negative Bz) to dawnward (negative By) at that time.
We utilize the TEC derived products introduced in previous chapters as the irreg-
ularity diagnostic. First, we analyze local time and latitude extent of the scintillation
in Figure 6·2. The observations show strikingly different local time distribution from
any other event studied in previous chapters. Namely, in the previous events we con-
cluded the scintillation at regions near 30◦ MLAT peaks near midnight and then slowly
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Figure 6·1: Solar wind and geomagnetic indices from the omniweb
database. Time period under investigation is marked with vertical black
lines. (a) Interplanetary magnetic field;. (b) Solar wind speed (blue)
and density (black). (c) Auroral electrojet index. (d) Sym/H (blue)
and Kp (black) indices.
decays away by 4 MLT. On that that, scintillation emerged right before 4 MLT, and
persisted until 7 MLT. The scintillation penetrated through the 30◦ MLAT boundary
for about 2 hours MLT. This was enough to be diagnosed as a space weather event,
but the true ramification of the event was discovered by analysis of the 2D maps.
We present a sequence of the scintillation maps around sunrise in Figure 6·3. The
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Figure 6·2: Pixelized scintillation indices in the geomagnetic coordi-
nates. (top panel) Pixel-wise normalized value of the phase scintillation
index. (bottom panel) Pixel-wise normalized of the amplitude scintil-
lation index.
blue solid line in the maps denotes a local sunrise terminator at 350 km altitude,
whereas dashed blue line is a magnetic conjugate location of sunrise terminator in
the southern hemisphere, hereafter referred to as the conjugate sunrise terminator.
We refer to conjugate sunlit as a region between the conjugate sunrise terminator
and local sunrise terminator in the northern hemisphere. The scintillation maps
include locations and values of measured amplitude scintillation index (red dots)
within 15 minutes of the image epoch. Scintillation occurrence is overlaid on top of
TEC maps that provide crucial observation context. The EIA is clearly seen in the
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Figure 6·3: (a–i) Scintillation maps depicting location and strength of
amplitude scintillation index SNR4 as red dots. The solid blue (cyan)
line is the local sunrise terminator at 350 km altitude, and the dashed
blue line is the conjugate sunrise terminator (see text for details). Panel
(a) depicts locations of the 1-Hz GPS receivers (magenta markers),
location of SSIA receiver is highlighted. Panel (c) includes red line
fiducial, representing the DMSP F16 trajectory.
northern hemisphere, lingering over central America near 20◦MLAT. In panel a we
show locations of receivers used for this study. As it was identified with the local time
analysis, all the scintillation was contained at area below 33◦ MLAT, hence we used
only receivers from that area. Specifically, a receiver from SSIA, located in Honduras
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Figure 6·4: Time-series plots of normalized scintillation indices by
number of occurrences N at a given epoch. The storm day scintillation
(red and black) is compared to the geomagnetically quiet baseline day
on 18 December 2015.
(-89.12◦ W, 13.7◦ N) is highlighted as it will be used as a testbed.
The scintillation arose with the conjugate sunrise terminator (Figure 6·3b), within
the EIA. The scintillation area remained within the EIA, fixed in geographic location,
for a duration of the conjugate sunlit (panels b–d). The region of scintillation then
rapidly expanded poleward and westward at the time of local sunrise terminator. The
expansion took place together with expansion of the EIA. The latter expansion of
scintillation area was accompanied by intensification of scintillation. The scintillation
then slowly decayed as TEC decreased in two hours after the local sunrise.
Total scintillation occurrence and strength as a function of UT is presented in
Figure 6·4. We plot receivers’ lines-of-sight-averaged scintillation indices multiplied by
a total number of recorded scintillation events N , as used throughout the manuscript.
Two distinct scintillation intensifications stand out, which are in accordance with the
scintillation maps. The first peak corresponds to a time period of conjugate sunlit,
whereas the second intensification took place with the local sunrise. The area over
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Figure 6·5: Vertical TEC derived from SSIA receiver. Black lines are
TEC estimated from individual lines-of-sight with an elevation cutoff
30◦. The blue line is the averaged vTEC. Red line is averaged vTEC
on the December 18th, 2015. Markers denote sunrises (description in
text).
central America was affected by this exceptional space weather phenomenon for a
total of ∼5 hours. We compare this event with the most geomagnetically quieted
day before the storm, 18 December, 2015. There was no scintillation recorded in the
dawn-time period. In contrast, elevated scintillation occurrence was recorded in time
period 00:00–2:30 UT, which is a typical time for the EPB.
We examine this phenomenon from a single receiver (SSIA) point-of-view, located
underneath the scintillation region between ∼10–13 UT. We plot vertical TEC from
this receiver over the day in Figure 6·5. The thick blue line is vTEC average over lines-
of-sight above 30 degree elevation angle. For comparison, averaged vTEC measured on
the 18th December (the control day) is plotted in the red line. Local sunrise times are
marked at the receiver location. A remarkable TEC enhancement began at the time of
conjugate sunrise (LS350*), with a total TEC increase from ∼10 to ∼50 TECu. Huge
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Figure 6·6: Data derived from SSIA receiver located in Honduras. (a–
e) Parameter estimates for four GPS satellites: (a) vTEC, (b) carrier-
to-noise ratio CNR, (c) phase scintillation index σTEC , (d) amplitude
scintillation index SNR4. (e) Amplitude scintillation index S4 for ref-
erence.
perturbations in the vTEC started developing before a local sunrise terminator at 350
km (LS350). The perturbations decayed away together with decreasing background
TEC starting at the local sunrise at the ground (LS). Remarkably, the total TEC
reached daily peak at a time of the sunrise, exceeding a normal daytime peak.
We analyze the four most affected lines-of-sight in panels b-e of Figure 6·6. TEC
depletions within the sudden enhancement at dawn exceeded 30 TECu, they had em-
bedded smaller scale perturbations with noticeable data gaps marking losses of signal
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lock. In panel (b), huge variations in CNR are co-linear with the TEC depletions,
with fades exceeding 10 dB. In the last two panels, the derived scintillation indices
are presented for the case of the four lines-of-sight. Trends for both indices follow
each other as expected, with SNR4 exceeding value of 2. As shown in the large scale
companions within the technique introduction in section 2.4.4, SNR4 scales with a
factor of 3 with conventional amplitude scintillation index S4, hence the measured
scintillation index would imply severe scintillation conditions (S4 > 0.7 (Béniguel
et al., 2009)).
Lastly, DMSP F16 traversed the anomalous density region in central America
at about 10 UT, with its trajectory line drawn in Figure 6·3d. In-situ ion density,
ion flow components, and plasma temperatures are presented in Figure 6·7. This
southbound pass encountered a sharp density gradient near 30◦ MLAT, with a total
increase of about 1 order of magnitude. This occurred in the region where the GPS
receivers measured the large TEC enhancement at dawn, reaching ∼50 TECu. Right
within the region of enhanced plasma, density irregularities resided in the topside
ionosphere (∼850 km), as identified with a high-pass filtered (0.1 Hz) ion density
(dNi) plot panel b. Another set of plasma irregularities were measured near the
magnetic equator. Both irregularity regions were accompanied with subtle increase in
ion and electron temperatures. Additionally, ion flow perturbations near the equator
are positively correlated with the density irregularities, with a net eastward (sunward)
horizontal flow (vH), and upward flow (vZ) exceeding 500 m/s at the equator. The
in-situ plasma parameters are indicative of EPB.
6.3 Discussion
Sporadic observations of EPBs near sunrise have been reported (Fukao et al., 2003;
Zakharenkova et al., 2015; Wu et al., 2020), but appear to be a rare phenomenon.
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Figure 6·7: DMSP F16 measurements of plasma parameters during
a recorded scintillation time period. (a) Ion density, (b) 0.1 Hz high-
pass filtered ion density, (c) Electron (Te) and ion (Ti) temperatures,
(d) horizontal (cross-track) ion drift (positive sunward), (e) vertical ion
drift (positive up).
Although the exact timing and driving mechanism are speculative, observations sug-
gest they occur during a storm-time recovery phase in the winter hemisphere. The
normal conditions for the RTI that fuels an EPB require an eastward electric field at
the equator (Hysell, 2000; Martinis et al., 2005); the normal condition at pre-sunrise
local time is a westward electric field (Fejer and Scherliess, 1997), hence a zonal re-
versal is necessary for the RTI to operate. It has been shown that such reversals do
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occur at geomagnetically disturbed periods (Fejer et al., 1976; Bowman, 1978). It has
been even speculated that in these kind of circumstances, RTI could be operating to-
gether with the GDI (Burke, 1979). Our observations could support this point, since
the DMSP encountered irregularities within the EIA, located near a large horizontal
density gradient with a net upward ion flow.
The only conventional mechanism that could produce plasma upflow at early
morning local time is the disturbance dynamo, which was undoubtedly involved as
the event took place in the storm recovery phase. A direct observation of its causal
effect, however, is difficult by the fact the statistical lag times (Scherliess and Fejer,
1997) do not agree with observations. Namely, the vertical uplfow by the disturbance
dynamo should kick in within 4 hours of elevated auroral activity, or the second sure
would take place at a lag time of ∼25 hours. The AE intensifications took place 12-20
hours before the scintillation onset. This is exactly the time period when the relative
efficiency of the disturbance dynamo is 0.
The presented event provides unprecedented observations in terms of precondi-
tioning and timing. We show that the EIA persisted throughout the night. Hence,
an uncharacteristically abundant plasma basin at low-latitudes (near 10–20◦ MLAT)
lingered in the pre-dawn ionosphere. One common observation (Fukao et al., 2003;
Zakharenkova et al., 2015; Wu et al., 2020) is that these events apparently occur
in the recovery phase of a geomagnetic storm. The initial onset of the scintillation,
namely plasma irregularities, began at the conjugate sunrise. A catalyst for the
episodic plasma density increase, and accompanying irregularity onset in the con-
jugate sunlit could be conjugate photo-electrons (Carlson, 1966). Specifically if we
consider no abrupt changes in solar wind and geomagnetic drivers which normally
perturb low-latitude electrodynamic. We are not aware of any known causal effects
of photo-electron heating and ionization to a production of irregularities.
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6.4 Summary
We presented an episodic increase in EIA density, accompanied by scintillation pro-
ducing irregularities at dawn. The observations show that the EIA had persisted
throughout the night, and became a region of scintillation-producing plasma irregu-
larities with an onset at the conjugate sunrise terminator. The EIA density abruptly
elevated to ∼50 TECu, and the scintillation severity followed the TEC trend. The
EIA, as well as the scintillation decayed within two hours after local sunrise, mak-
ing the region experiencing severe space weather event for a total of ∼5 hours. We
have placed the observation in context with other reports and deduced the following
findings:
1. Scintillation at dawn appears to be characteristic to a storm recovery phase,
however we fond no ordinary causal relationships that would support sudden
plasma upflow at pre-dawn local time.
2. The scintillation onset was associated with local density increase within the EIA
at conjugate sunrise.
3. Scintillation increased at local F-region sunrise, expands poleward, and decayed
away within 2 hours.
A preliminary survey of scintillation occurrence between 2012-2019 show this is




To address the outstanding science objectives, we had to engineer a way through the
GPS scintillation data void. We discovered the un-utilized database with 1-Hz GPS
data, which is operated by UNAVCO for purposes of earthquake monitoring. The
data includes multi-frequency phase observations used to estimate ionospheric TEC,
and carrier-to-noise ratio used as a diagnostic for ionospheric scintillation. Upon
initial data analysis, we identified problems with data fidelity resulting from instru-
mental artifacts, imperfect antenna placement, and a variety of different hardware.
We developed signal processing techniques to mitigate instrumental artifacts by using
the differentiated phase instead of the L1 phase, which serves as a measure of phase
fluctuations. We introduced an amplitude scintillation index using high-pass filtered
carrier to noise ratio. Lastly, we introduced receiver-variance dependent threshold
levels used to identify the space weather events. We used a case study with sufficient
statistics to evaluate the processing techniques. We found the scintillation indices
scale linearly with the conventional measures, whereby we discussed the advantages
of the proxy indices. First, the indices have defined frequency range and an identi-
cal processing procedure. Second, the indices are proportional to integrated power
spectral densities of the irregularity spectra.
We applied the signal processing techniques to the available data from the years
between 2012 and 2019. Based on the long term data survey, we addressed the science
objectives.
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(1) How often do the mid-latitude scintillation-producing irregularities
occur, and what geophysical conditions control them?
Based on the eight years of data, we found nine days with elevated GPS scintillation
activity. We analyzed the identified days in detail and found that these space weather
events took place during geomagnetically disturbed times. In particular, we found
all events were classified as geomagnetic storms, with an average Dst=-125 nT, and
Kp=6+. The storm intensity spread, however, ranged between -51 nT and -204 nT.
Based upon 40 years of statistical analysis, such geomagnetic storms occur three times
per year (Loewe and Prölss, 1997). While storm intensity varied widely in these space
weather events, we found the timing of the storms always peaked at night local time,
thus the main phase of the storm occurred at dusk local time. This is the period
when the biggest density re-distributions at low- and mid-latitude arise. Namely, the
RTI growth rate peaks at the equator and the storm enhanced density dominates the
mid-latitude ionosphere at dusk local time.
The storms were driven by sustained southward IMF, enabling efficient solar wind-
magnetosphere coupling. On average, we found the storms had at least 15 hours
of continuously southward IMF prior to the peak. Likewise, the auroral activity
measured by the AE index had a distinct >10 hours long period of intense activity
at that time. The enhanced solar wind driving of the magnetosphere-ionosphere
system could play an essential role in enabling low-latitude dynamics, necessary for
an episodic poleward expansion of irregularities. On the contrary, the two-storms
with the most profound space weather at mid-latitudes producing the MDS, had
only a few hours of negative IMF. However, both storms had significant auroral
activity during these hours with rapid intensifications exceeding 2000 nT. Therefore,
the sheer strength of the storm measured by Dst and Kp only needs to exceed a
certain threshold to enable space weather at mid-latitudes. Instead, the controlling
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parameters are more nuanced, such as the longevity of solar wind driving, and the
abrupt impulses in solar wind electric field and substorm activity.
(2) How do these irregularities evolve in space and time, and what are
their manifestations in the GPS observations?
Out of the nine events, we found several types of expanding irregularity structures.
First, we identified four of them to have the ordinary characteristic of the equatorial
plasma bubbles. That is, the irregularities’ horizontal projection showed an amor-
phous spatial shape of ∼100 km sizes and accompanied by sub-kilometer scintillation
producing irregularities. The common observation shared by all events was a pro-
gressive expansion toward higher latitudes from their base near 15◦ MLAT toward
their climax near 40◦ MLAT about 4 hours later. The latitudinal extent implies the
irregularities would map to altitudes greater than 5100 km in the equatorial plane.
The duration of observed scintillation was in a range between 4-6 hours, but the on-
set time differed. In particular, three events emerged after sunset near 19 MLT and
reached 40◦ at about 23 MLT. These irregularities developed over Central America
and expanded over Texas in the mid-latitude ionosphere. In the other event, the ir-
regularities emerged at midnight and reached Florida 3 hours later. The irregularities
decayed away by the sunset. The events were observed during the 2012 equinox, 2013
summer, and 2015 winter.
In other events, we observed scintillation-producing irregularities that trailed the
sunset terminator. These irregularities were elongated in the northwest-southeast
direction and expanded poleward, while trailing the terminator. The irregularities
reached latitudes as high as 50◦ MLAT which maps to 9900 km in the equatorial
plane. The irregularities peaked there at around 20 MLT. These irregularities entirely
decayed away before midnight. These irregularities’ scale sizes ranged from ∼100
km down to sub-kilometer scintillation-producing structures. All these events were
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observed in the local summer hemisphere, in the moths of May, June, and August.
Lastly, two of the events did not fit either of the subsets and were identified as
outliers based on the storm-time aligned time-series chart of scintillation intensity.
We analyzed them in greater detail. First, the 21 December 2015 scintillation event
emerged at local dawn and lasted for ∼5 hours into the morning. To our knowl-
edge, these are the first observations of GPS scintillation at dawn. This scintillation
emerged at conjugate sunrise and episodically intensified with at the F-region sun-
rise in the northern hemisphere. Scintillation intensification was accompanied by an
enormous increase in the background TEC reaching twice the normal daily peak of
the adjacent days. The location of the event was Central America, centered right at
30◦ MLAT.
The other outlier storm in September 2017 produced irregularities and scintillation
at unprecedented scales. The first crucial difference between this and the other storms
was the time lag of scintillation-producing irregularities compared to the co-located
large scale irregularities. The other difference was the spatial spread, whereby the
irregularities were leading the sunset terminator and reached 16 MLT at latitudes
near 45◦ MLAT. The irregularities spanned from the northwest US to Florida and
decayed away by local midnight. The irregularities scintillated for 6 hours over this
area.
In aggregate, the nine scintillation events were observed in the American lon-
gitude sector, whereby eight events occurred primarily in the night-time, and one
emerged at sunset. The geolocation of the scintillation events covered all longitudes
of the contiguous US. The irregularities expanding beyond 40◦ MLAT had a peculiar
northwest-southeast orientation and resided in the evening local time sector.
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(3) What are the controlling ionospheric parameters producing the mid-
latitude space weather, and what are the mechanism behind the scintilla-
tion-producing irregularities?
We used the GPS-derived data products to identify the spatiotemporal evolution
of the irregularities, constraint their spatial scales, and assess their intensity. The
observations were put into the context of current understating with the help of sup-
porting evidence when available. All the space weather event with scintillation at mid-
latitudes were sourced by storm time geomagnetic disturbances with highly nuanced
effects. For most of the space weather events, we identified the irregularities that
resemble the spatial figure, timing, and irregularity scales of the equatorial plasma
bubbles. In particular, we used the 1 June 2013 storm as the benchmark, enabled by
independent observations taken by an all-sky imager. The ASI captured three longi-
tudinally separated depletions extending poleward over the Texas area. The images
also indicate bifurcation at the poleward tips. Nevertheless, the initial observations
became a subject of controversy by the fact there are no theoretical works supporting
the existence of EPB with such extents. Out irregularity observations provide critical
evidence promoting the EPB as the source. Likewise, the second subset of irregular-
ities that were trailing the sunset terminator, are indicative of the EPB by virtue of
spatial extent, timing, and spectra of embedded irregularities.
The source of irregularities during the other two storms is more speculative. We
utilized in-situ measurements in order to gain further insight into the dynamical prop-
erties of the plasma. For the December 2015 storm with scintillation at dawn, we
could not identify the source of impulsive plasma uplift at the equator. There was
no distinct event in the solar wind nor the geomagnetic activity that could foster
such an intensification. We lack measurements from the JRO ISR and low latitude
magnetometers as the data is not available for that day. We discussed a possible role
of the disturbance dynamo, that imposes eastward electric field at night time equa-
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tor (Blanc and Richmond, 1980) resulting at plasma uplift, with variable efficiency
based on the lag time from the auroral heating. The scintillation occurred at the time
lag between 12-20 hours after the major auroral activity, which is the time period of
the lower disturbance dynamo efficiency. The source of the uplift remains open-ended
question.
Lastly, the September 2017 space weather event caused mid-latitude irregularities
and scintillation at unprecedented scales. Comprehensive observations of plasma
electrodynamics were possible by fortuitous in-situ spacecraft conjunctions both in
the ionosphere and the magnetosphere. We found the large scale density perturbations
were positively correlated with horizontal ion drift fluctuations in the ionosphere, and
electric field in the magnetosphere. The relative location between density and electric
field perturbations does not support an equatorial plasma bubble as a source. We
explored the possibility of high-latitude electric field penetration due to abrupt auroral
electrojet enhancements. We discovered a substorm injection took place near 18 MLT,
aligned with the sunset terminator. The timing of the injection exactly matches the
time of irregularity expansion past the terminator in the northeast US. We suggested
the contemporary existence of the penetration electric field at low latitudes and the
substorm-carried electric field perturbation near sunset terminator interfered at mid-
latitudes. Hence periodic fluctuations in the measured electric field and the resulting
ion drift.
Summary
The development of scintillation maps using geodetic GPS receivers was the enabling
factor for the observational discovery of space weather events at mid-altitudes. In
fact, only a few of the identified events have been reported, yet none of them as a
GPS scintillation threat. The observations are fundamental discoveries of different
types of mid-latitude plasma irregularities. Namely, we provided crucial observations
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to support the initial airglow observations of EPB over Texas, we found three more
events of the same type. Additionally, we discovered three more events, when the
plasma bubbles were trailing the sunset terminator, and expanding to even higher
latitudes. We discovered a profound space weather event causing severe scintillation
at dawn. Lastly, we analyzed the most profound space weather event that occurred
with the September 2017 storm. For the first time, analyzed spatiotemporal evolution
and location of scintillation-producing irregularities. Additionally, we described novel
observational constraints to electrodynamics. with a retrospective analysis of the
September 2001 storm, we found the sources of scintillation might be the same.
7.1 Future work
The discoveries provided in this manuscript have a profound effect on the ionospheric
scintillation paradigm, space weather impact on the ionosphere, and practical impli-
cations to the GNSS-relying technologies.
Ionospheric scintillations at L-band have been characterized in 1980s, with the
famous illustration of expected intensity fading as a function of solar activity. The
illustration became the benchmark, for expected GNSS scintillations and satellite link
designs. Interestingly, this illustration was designed using data from five receivers,
two located near magnetic equator and three at high-latitudes. Therefore, the 8 years
of observations used to produce the statistics had an inherent spatial bias. The early
results further influenced the deployment of new scintillation observatories that have,
until this day, entirely circumvent the mid-latitudes. We summarize the observations
and edit the benchmark illustration (Basu et al., 1988) in Figure 7·1. Here we show
the three subsets of diagnosed irregularities in each panel.
The new observations should serve as a catalyst for a deployment of permanent
scintillation monitors to mid-latitudes. While the demonstrated technique is adequate
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Figure 7·1: Three types of ionospheric irregularities at mid-latitudes.
Illustrations are sketched on top of the benchmark illustration for ex-
pected amplitude fading at L-band links (Basu et al., 1988). (a) ex-
pansion of pre-midnight EPB. (b) EPB trailing the terminator. (c)
Mid-latitude Density striations.
for identification of scintillation-producing irregularities, it is not suitable to use as a
diagnostic of statistical properties of the irregularities due to temporal undersampling.
While the eight years of measurements revealed nine space weather events, the spatial
location of the irregularities was spread over the continent of northern America. This
observation makes the placement of scintillation monitors a difficult task. Despite
the fact the measurements were collected during the weakest solar cycle in decades,
the results show that a space weather event at mid-latitude has occurred on average
once per year. Additionally, we found the major driver of the irregularities is the
ion drift at a magnitude of E/B. Recent results show the South Atlantic Anomaly
is weakening at accelerated fashion, hence the same electric filed yields larger drift
velocities. The necessary condition for a space weather event at mid-latitudes has
been found to be a geomagnetic storm of strength in the vicinity of -125 nT. All the
arguments therefore support a prediction that such space weather events will continue
to occur even at lower solar activity.
It is important to emphasize the full ramification of observation discovered in this
manuscript are yet unknown. Global models of ionosphere-plasmasphere system has
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never been able to produce the structures that resemble the observations. Likewise,
regional models of specific space weather phenomenon, such as the EPB, have never
been able to simulate the bubbles anywhere close to the regions we reported in this
dissertation. While a progress is being done in the direction of coupling the ionosphere
with the evolution of ring current (Huba et al., 2017) in order to capture storm
dynamics, substorm injections are still work in progress.
The introduced data product is valuable diagnostic for sensing ionospheric irreg-
ularities. However, the actual impact on the GNSS needs to be quantified based
on effects on positioning, velocity and timing. Specifically, positioning is the most
straightforward data product, used by the large majority of users. Rapidly developing
field of precise point positioning is engineering processing tools that are able to con-
verge the positioning accuracy of multi-frequency receivers down to 10s of centimeter.
These accuracy is required for users needing absolute navigation position such as off-
road autonomous vehicles in agriculture, mining, and unmanned aerial vehicles. In
these applications, a small deviation imposed by space weather causes an impact to
integrity of the service. As the number of such users are rapidly increasing in parallel
with tightening accuracy requirements, the space weather is becoming critical threat
to the technological reliability.
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Appendix A
2D Maps of scintillation-producing
irregularities
We briefly discuss three storms with GPS scintillation observed at mid-latitudes. The
presentation format is the same as in the Chapter 4.
29 June 2013
Maps of irregularities during this storm the are depicted in Figure A·1. Two longitu-
dinally separated EPB are identified, one over expanding over the central America,
and the other over the Caribbean. Both bubbles reached 38◦ MLAT. the first bub-
ble reached the latitudes of Florida, whereas the second reached Texas hour and a
half later. Both bubbles reached the apex pre-midnight local time, and then slowly
decayed away.
22 December 2014
Maps of irregularities are depicted in Figure A·2. Two longitudinally separated EPB
are identified, one over expanding over the central America that expanded over the
gulf of Mexico, whereas the other expanded over the Caribbean and reached Florida.
The bubbles expanded post-midnight, and decayed away by morning.
26 August 2018
Maps of irregularities are depicted in Figure A·1. A single region of elongated irregu-
larities expanded over Mexico through California. This is an example of EPB trailing
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Figure A·1: Differential TEC maps (top row), and irregularity maps
(bottom row) consisting of ROTI (gray) ans scintillation indices (σTEC
and SNR4) at subsequent time epochs (columns). Red-dashed line is a
day-night terminator at 100 km altitude. Bold arrow marks the region
of irregularities in the ∆TEC maps.
the sunset terminator. No subsequent irregularities were measured at lower latitudes.
This event occurred in the solar minimum with the lowest background TEC, which
could explain lack of measured irregularities.
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Figure A·2: Differential TEC maps (top row), and irregularity maps
(bottom row) consisting of ROTI (gray) ans scintillation indices (σTEC
and SNR4) at subsequent time epochs (columns). Red-dashed line is a
day-night terminator at 100 km altitude. Bold arrow marks the region
of irregularities in the ∆TEC maps.
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Figure A·3: Differential TEC maps (top row), and irregularity maps
(bottom row) consisting of ROTI (gray) ans scintillation indices (σTEC
and SNR4) at subsequent time epochs (columns). Red-dashed line is a
day-night terminator at 100 km altitude. Bold arrow marks the region
of irregularities in the ∆TEC maps.
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Thébault, E., Finlay, C. C., Beggan, C. D., Alken, P., Aubert, J., Barrois, O.,
Bertrand, F., Bondar, T., Boness, A., Brocco, L., Canet, E., Chambodut, A.,
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